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ABSTRACT 
 
Improvement of seismic performance of ordinary reinforced partially grouted concrete 
masonry shear walls 
Mohammad Bolhassani 
Ahmad Hamid, Ph.D. 
 
Reinforced masonry constitutes about 10% of all low-rise construction in the US. 
Most of these structures are commercial and school buildings. It may also be used for 
multi-story hotels, college dormitories, and apartment buildings. The vast majority of 
reinforced masonry construction in the mid-western and eastern parts of the US is 
partially grouted (PG) while most of the reinforced masonry construction in the West 
Coast is fully grouted (FG). The seismic performance of PG reinforced masonry wall 
systems is not well understood, and there is a critical issue identified in recent research 
for the design of these structures. The shear strength expression adopted in Masonry 
Standard Joint Committee Code design (MSJC 2008 and 2011) is likely to be un-
conservative for PG walls. The research reported herein aimed at economically 
competitive design detail to enhance the seismic performance and safety index of PG 
reinforced masonry shear walls. Hence, this research has especially focused on enhancing 
the seismic performance of PG walls with different details; the one contained in the MSJC 
(2013), single grouted cell and bond beam (SS), and another proposed reinforcement 
detail that include; doubly grouted cells and bond beams (DD), doubly grouted cells and 
bond beams along with joint reinforcement at every other courses (DDJ), and doubly 
xxvi 
 
grouted cells and singly grouted bond beams along with joint reinforcement at every 
courses (DSJ). The results of 7 full-scale in-plane shear wall tests to investigate the effect 
of reinforcement detail on the seismic response of planner PG shear walls are presented. 
In addition to the experimental study, analytical and numerical investigations were also 
carried out to provide means of predicting and enhancing the seismic response of PG 
masonry shear walls. Improving the shear-strength expression in the MSJC code for PG 
walls, based on experimental data generated here and previous studies, is investigated as 
well.  
 
Experimental studies were conducted at Drexel University and University of 
Minnesota to achieve the above stated goals. Four full-scale PG reinforced concrete 
masonry shear walls with different reinforcement details were tested at Drexel University 
structural laboratory. Three more full scale walls were tested at University of Minnesota 
structural testing laboratory. Test results demonstrated that the proposed doubly 
reinforced cells/bond beams detail and doubly reinforced vertical cells/single bond beam 
with joint reinforcement at every course had a significant effect in increasing wall shear 
strength and ductility. Using two reinforced and grouted cells/bond beams instead of one 
cell/bond beam resulted in an enhanced deformation capacity of the walls.  It also 
resulted in an increase of the shear capacity and displacement ductility of the walls by 
34% and 47%, respectively. Wall with double reinforced cells/bond beams showed a 60% 
increase in elastic stiffness compared to the wall with single reinforcing cells.   
 
xxvii 
 
Because of possible construction difficulties in constructing double reinforced and 
grouted bond beams, an alternative detail using single reinforced bond beam with joint 
reinforcement every course is proposed. Tests demonstrate that walls with this 
configuration had nearly the same elastic stiffness and shear capacity as walls with 
double bond beams. In addition, wall displacement ductility of increased significantly by 
189%. This configuration proved to be the most effective and, therefore, is highly 
recommended to replace the conventional single reinforcing detail. 
 
A simplified 3D micro model was developed by considering the masonry units, grout 
and their interfaces. Masonry units and grout are modeled as a solid block and solid 
concrete, respectively. Cohesive surface-based behavior (interface elements) is used as a 
discontinuity for hollow and grouted masonry. The mortar joints and concrete masonry 
units are smeared into one homogeneous material using concrete damage plasticity 
model (CDP). The traction-separation behavior of the cohesive element is employed to 
model the units’ mortar joints interfaces. Damage initiation is considered based on 
compressive strength of mortar and grout for the hollow and grouted masonry, 
respectively. A numerical model was developed based on the experimental results of 
grout, units, mortar and also different hollow and grouted masonry assemblages 
constructed and tested before testing the actual walls. The model was able to 
successfully capture crack pattern and strain distribution of hollow and grouted 
assemblages. The same model was employed for modeling the walls and for investigating 
the effect of other parameters controlling the response of the walls. 
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The results of the numerical modeling were in a good agreement with the 
experimental results. The numerical model was extended to explore the infilled-frame 
effect of PG masonry walls and also the effect of various other parameters such as axial 
compressive stress and boundary conditions on the wall response.. As expected, the 
model showed that by increasing the axial compressive stress and fixing the rotation at 
the top of the wall (fixed-fixed condition) the shear strength of the wall increased while 
ductility decreased. The model demonstrates that the infilled-frame action of the wall’s 
grouted masonry parts, through formation of struts, resulted in an increase in wall 
ductility and shear strength.   
 
Test Results available in the literature for PG masonry walls showed that even 
implementing a 𝛾𝛾 factor in the current MSJC code equation for shear strength of PG walls 
has not solved the fundamental problem of the over-estimation of the shear strength. 
The current study investigated a new approach to predict the shear strength mechanism 
of PG walls through adopting an infilled wall model as opposed to the monolithic wall 
model used in developing the current code’s provisions that was based on test results of 
FG walls with a correction factor (<1) for PG walls. A new expression has been developed 
for PG walls based on infilled-frame mechanism. Experimental and analytical results 
demonstrated that the shear mechanism of PG walls can be predicted using the same 
concept for infilled-frame. However, struts in PG walls are formed based on the spacing 
of the vertical grouted cells. The shear strength that the frame (grouted vertical cells and 
grouted bond beams), can be attained based only on plastic hinges forming in the vertical 
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grouted cells. Available test results from this study and other studies available in the 
literature demonstrated the accuracy of the proposed strength expression.   
 
 The response modification coefficient factor, R, factors calculated for single 
reinforcing walls were very close to what is specified in ASCE/SEI 7-10. For quantification 
of the seismic performance factors of such a system, FEMA P695 methodology was used. 
Results of incremental dynamic analysis revealed that the R factor adopted in ASCE/SEI 7-
10 for one story PG buildings do not meet the performance and safety standard of FEMA 
P695 (ATC 2009). However, the proposed double reinforced cells/bond beams (DD) and 
double reinforced vertical cells and single reinforcing bond beams with joint 
reinforcement every courses (DSJ) showed acceptable performance. As a result, MSJC 
(2013) code needs to restrict the use PG masonry in SDC C and higher to either DD or DJ 
detail. Alternatively, conventional single reinforcing cells and bond beams can be used if a 
lower R factor is used. 
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1 INTRODUCTION 
 
1.1 Vision 
Almost all reinforced masonry constructions in the mid-western and eastern parts 
of the US are PG, and recent research on PG walls has shown that current Masonry 
Standard Joint Committee (MSJC 2013) shear design provisions are inadequate. 
Overestimating the shear capacity of PG walls has also been reported repeatedly in the 
literature (Minaie 2010, Nolph and ElGawady 2012 and ElGawady 2015). Additionally, 
performance of these walls for regions that have low-probability but high-consequences 
seismic events is not fully investigated due to limited research carried out on this subject. 
Therefore, seismic performance (lateral in-plane behavior) and code’s shear strength 
design provisions of PG walls need to be further studied and, in some cases, should be 
revised. This research aims at developing economically competitive reinforcement design 
detail to enhance the seismic performance and safety index of PG reinforced masonry 
shear walls. In this study, enhancing the seismic performance of PG walls can be achieved 
using a proposed new doubly reinforcement detail. To that end, the results of seven 
shear wall tests to investigate the effect of reinforcement details on the seismic response 
of PG shear walls are presented. In addition to the experimental investigation, analytical 
and numerical investigations were also carried out to provide means of predicting and 
enhancing seismic response of PG masonry shear walls. At the end, improving the shear-
strength formula in the MSJC code for PG walls, based on experimental data generated in 
this research and extended numerical results and previous studies is proposed. 
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1.2 Background 
Masonry is the oldest structural material still in use for a vast variety of 
contemporary building construction. Masonry structures are generally classified as either 
reinforced (RM) or unreinforced (URM), with RM further classified as either fully grouted 
(FG) or partially grouted (PG) (i.e. where grout is placed only in cells containing 
reinforcing steel). About 10% of all low-rise construction in the US has been built using 
reinforced masonry (RM) and it includes mostly school and commercial buildings, with 
some apartment buildings, college dormitories and multi-story hotels. Although most of 
the RM construction in the Western US is fully grouted (FG), almost all RM structures 
constructed in the rest of the US, including regions with high seismic risks, are PG 
masonry. PG walls have been favored over FG walls because of ease and speed of 
construction and economy (Drysdale and Hamid 2015). However, because of relatively 
limited research, with notable exception including; Matsumura 1987 and 1988, Ghanem 
et al. 1992 and 1993, Schultz 1996, Ingham et al. 2001, Voon and Ingham 2006 and 
Minaie 2010), into the behavior of this type of walls, their seismic performance is not 
fully understood. It is to be noted that, the strength design expressions for RM shear 
walls contained in the MSJC (2008, 2011 and 2013) and Uniform Building Code UBC 
(1997) are exclusively based on the results of NSF-sponsored U.S. coordinate program for 
masonry building research (TCCMAR), which focused on the performance of FG walls 
(Noland 1987). However, without considering the provenance of these provisions, they 
have been applied directly for the design of PG masonry for decades.  
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One of the earliest studies devoted to RM masonry was performed by (Matsumura 
1988) to predict the shear strength of these walls. Matsumura developed a shear 
strength expression on the base of testing and regression of about 60 concrete and 30 
brick masonry walls. The effects of masonry compression strength, percentage of shear 
reinforcement, and level of axial stress were included in Matsumura shear equation. 
Although, most of specimens were FG, he considered different reduction factors for PG 
walls by introducing 𝑘𝑘𝑢𝑢 and 𝛾𝛾 equal to 0.64 and 0.6, respectively. 
 
Ghanem et al. (1992 and 1993) tested six third scale wall specimens, approximately 
3 ft x 3 ft (0.91 m x 0.91 m), under differing level of axial compressive stress and 
subjected to monotonic in-plane displacements. They investigated the effect of the 
distribution of vertical and horizontal reinforcement. The effect of axial compressive 
stress on the in-plane response of PG masonry shear walls was also studied. Ghanem et 
al. concluded that the behavior and failure modes of PG masonry are strongly dependent 
on the level of axial compressive stress and the distribution of vertical and horizontal 
reinforcements.  
  
Twelve PG concrete masonry shear walls under in-plane loads were tested by 
Schultz (1996 a, b). Six of the walls contained bed-joint reinforcement and the rest was 
built using deformed bars as horizontal reinforcement in grouted bond beams. All 
specimens were subjected to constant axial compressive load of 27 kips (120 kN) under 
quasi-static cyclic lateral displacements with fixed-fixed boundary conditions. Schultz 
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results showed that the shear mechanism of PG reinforced masonry is significantly 
different from that for FG reinforced masonry. He concluded that the ultimate shear 
stress increased as the aspect ratio increased while the stiffness decreased. Schultz 
observation showed that most of cracks formed between grouted and ungrouted cells. 
These cracks tend to grow and disturb the anchorage region of the horizontal 
reinforcement where these bars intersected the vertical cells. Test results showed that 
increasing the level of horizontal reinforcement slightly increased the ultimate shear 
strength but had a negligible effect on stiffness.  
 
Ingham et al. (2001) tested thirteen PG concrete masonry walls to investigate the 
failure mechanism. Horizontal reinforcements were placed in the top two courses. 
Different reinforcement ratios, aspect ratios, and opening configurations were 
considered in this study. Nine of these walls had no openings and with different 
reinforcement distributions. Height to length ratios of these walls were considered 
between 0.6 to 3.0. Results showed diagonal shear failure in most of test specimens 
because of the lack of horizontal shear reinforcement. 
 
Voon and Ingham (2006) tested ten PG walls with openings to investigate the shear 
strength of concrete masonry and to measure the accuracy of the Standard Association 
of New Zealand NZS (2004) and NEHRP (1997) equations. Two of the walls were PG and 
the remaining walls were FG. These walls constructed with different amount of flexural 
reinforcement, however, no shear reinforcement was included in the walls. No axial load 
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applied on the walls. Test results revealed that although the NEHRP (1997) equation 
predict the experimental shear strengths of walls better than the Standard Association of 
New Zealand NZS (2004) equation, both equations significantly under-estimate the shear 
strength of PG walls because of neglecting the area of the grouted cells.  
 
Recently, research has shown that the MSJC (2008) shear design equation is un-
conservative for PG walls. Minaie et al. (2010) tested four PG shear walls to examine the 
appropriateness of MSJC (2008) code’s provisions. It was concluded that the MSJC (2008) 
code’s provisions overestimate the shear capacity of PG masonry shear walls by order of 
two.  
 
More recently, five full scale PG masonry shear walls were tested by Nolph and 
ElGawady (2012). It was found that the MSJC (2011) shear equations are inadequate in 
estimating the shear strength of PG walls with 4 ft (1.2 m) horizontal spacing between 
vertical reinforcement because of overestimating the contribution of the horizontal 
reinforcement. The code shear equation was adequate for walls with vertical grouted 
cells less than or equal to 2.5 ft (0.8 m). The amount and distribution of horizontal and 
vertical reinforcement were effective for development of shear strength and for crack 
control. When the spacing of vertical reinforcements is relatively close, less than or equal 
to 2.5 ft (0.8 m), the behavior of PG was similar to FG walls. As mentioned before, PG 
walls were designed based on equations developed for FG walls. Therefore, by changing 
the hollow space between the grouted cells from 4 ft (1.2 m) to 2.5 ft (0.8 m) or less the 
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shear equation becomes more conservative. Nevertheless, there is no research on 
investigating the performance (strength and ductility capacity) of PG wall with 
reinforcement spacing greater than 4 ft (1.2 m). Therefore, this research is focused on 
spacing greater than or equal to 4 ft (1.2 m). 
 
1.3 Research program justification and plan  
1.3.1 Research objectives 
The seismic performance (in-plane behavior) of PG reinforced masonry wall systems 
is not well understood. Recent research by Minaie et al. (2010) at Drexel University 
concluded that the shear strength expression contained in the MSJC (2008) code is un-
conservative for PG walls. Since many of these systems are used for public and 
commercial buildings, their seismic performance is highly relevant to public safety. A 
magnitude 5.8 earthquake that recently occurred in the East Coast is a good reminder 
that large earthquakes could occur in the eastern and mid-western parts of the country 
in spite of the low probability of occurrence.  Assessing the  seismic  vulnerability  of  
structural  systems,  such  as  PG reinforced  masonry  structures, that are specific to 
these regions have not been as extensively validated for their seismic performance as for 
FG reinforced masonry construction typical in the West Coast region. Efficient retrofit 
methods need to be developed to strengthen deficient existing PG masonry structures in 
the eastern and mid-western parts of the country. Methods to ensure the safety in low-
probability but high-consequence seismic events that are economically competitive and 
compatible with the expected seismic risk also need to be developed. Furthermore, there 
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is a need to develop reliable analytical and numerical tools to assess the performance of 
these structures and to identify buildings that could be a potential seismic hazard. 
 
Better understanding of the cyclic behavior of PG RM shear walls and impact of 
reinforcement details on their strength and ductility; developing and validating 
economically competitive and improved design details; improving the shear-strength 
formula in the MSJC code for PG walls; and developing reliable and efficient analytical 
and numerical models that can be used to assess the seismic performance of PG 
reinforced masonry walls are the main goals of this research.  
 
1.3.2 Research scope 
The main goals of the research can be listed as; develop and validate economically 
competitive and improved design detail for PG reinforced masonry structures to meet 
expected seismic performance; develop and validate numerical models for PG walls and, 
improve the shear-strength expression in the MSJC code for PG walls, based on 
experimental data generated in this research and previous studies. To achieve the above-
stated research goals, the following tasks were conducted. 
 
1.3.2.1 Task 1: Development of new reinforcement detail 
The amount and distribution of horizontal and vertical reinforcement are effective 
for development of shear strength and crack control. When the spacing of vertical 
reinforcements is relatively close, less than or equal to 4 ft (1.2 m), the behavior of PG 
will be more similar to FG walls. PG walls designed and tested according to MSJC masonry 
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code have shown a poor seismic performance under low to moderate seismicity. The 
primary reason for this problem is traced to the assumption of linearly varying flexural 
strains, which the ungrouted portions of the wall proved unable to enforce (Minaie 
2009). Using FRP, Foraboschi and Vanin (2013), Biolzi et al. (2013), Hamed and 
Rabinovitch (2010), and Foraboschi (2014) or pre-stressed masonry by Schultz and 
Scolforo (1991), Yang (2012), and Ma (2012) are listed as common methods of 
retrofitting to enhance the vulnerability of existing PG masonry structures. However, the 
methods of design need to be revised for new construction as well. One simple and 
straightforward approach to avoid the unfavorable behavior of PG reinforced masonry 
walls is to abandon partial grouting and adopt full grouting. While this could be argued 
for special walls where the reinforcing bars and,  therefore,  the  grouted  cells  have  to  
be  spaced  at  no more  than 4ft (1.2 m),  it  would  significantly increase the cost  and  
reduce  the  efficiency of construction for ordinary  masonry walls,  and  make  reinforced  
masonry  much  less  competitive as compared to other construction materials like 
concrete tilt-up construction. One of the goals of the research reported herein is to 
investigate the behavior of PG walls, meeting the MSJC provisions for Ordinary 
Reinforced Masonry (ORM) walls, and to suggest ways to enhance their seismic 
performance through developing a new reinforcement detail. Therefore, design details 
and methods to improve the performance of these structures must retain the economy 
and efficiency of construction.  
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Experimental observation conducted by Schultz (1996) and Minaie et al. (2010) 
showed that the vertical grouted cells and piers in PG walls have a weak performance in 
shear failure. This was mainly due to initiation of horizontal cracks in the ungrouted 
portion of wall and propagation into the grouted cells. Therefore, the interaction 
between these regions; the grouted masonry elements and ungrouted panels, creates a 
weak zone near the intersection of vertically grouted cells and bond beams that are 
vulnerable to damage. This type of damage, particularly at the intersections, was 
experimentally reported by other researchers (Ingham et al. 2001, ElGawady and Voon 
2012). In order to improve the ductility of such a wall by avoiding or delaying this type of 
damage, which usually causes shear failure, the use of double side-by-side reinforced 
cells and bond beams (DD) instead of single reinforced cells and bond beams (SS) is 
proposed. By tying the vertical reinforcing bars in the double cells together with hooked 
tie bars, the grouted elements behave more like reinforced concrete elements. 
Therefore, a ductile behavior of these elements is expected in the wall. Ordinary PG walls 
are lightly reinforced and grouted. The spacing between the grouted cells and bond 
beams is more than 4 ft (1.2 m). Therefore, doubling the number of grouted cells and 
bond beams will only have a small impact on the effort and cost of construction.  
 
1.3.2.2 Task 2: Wall tests 
Seven fully scale masonry shear walls were tested. Four walls with an aspect ratio of 
1.0 were tested at the Hess Laboratory of Drexel University. Three more walls with an 
aspect ratio of 0.67 were constructed and tested at the structural testing laboratory of 
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University of Minnesota. The dimensions and reinforcing details of first and second 
specimens at Drexel are shown in Figure 1.1. The main factors considered in the 
development of the test matrix are the aspect ratio of the walls, the extent of grouting, 
the level of axial compression and the type of reinforcement. Wall aspect ratio changed 
from 1.0 to 0.67 by increasing the wall length and maintaining the same wall height, see 
Figure 1.1 and Figure 1.2. Vertical compressive stress of 20 psi (0.14 MPa) and 100 psi 
(0.7 MPa) were chosen representing axial compression typically developed for single and 
multi-story buildings, respectively. Additionally, the effect of adding joint reinforcement 
on the behavior of the walls was also investigated.  
 
 
                    (a) Conventional design (SS)                 b) Improved design (DD) 
Figure 1.1 Wall specimens tested at Drexel University (aspect ratio of 1.0) 
 
152 in. (3.9 m) 
 
 
152 in. (3.9 m) 
 
 
152 in. (3.9 m) 
 
 
152 in. (3.9 m) 
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             (a) Conventional design (SS)                                     b) Improved design (DD) 
Figure 1.2 Wall specimens tested at University of Minnesota (aspect ratio of 0.67) 
 
1.3.2.3 Task 3: Development of numerical models 
To predict the wall behavior under in-plane loading a numerical model using Finite 
Element (FE) was employed. Different numerical modeling have been utilized and 
developed for modeling masonry structures (Shing et al. 1992, Lourenço and Rots 1997 
and Berto et al. 2004). These models were developed for either fully or hollow masonry 
and most of them become too complex when user applied them to PG masonry. 
Additionally, other simpler models are not able to predict the behavior of masonry in a 
realistic fashion. Minaie (2009) developed a three-dimensional finite element model for 
PG walls using a concrete damage plasticity model for concrete in Abaqus. He considered 
PG walls as a continuum structure and even though the model successfully duplicates the 
cyclic load vs. displacement response of tested walls, it could not represent crack pattern 
or predict failure mode. The main drawback of this model is related to ignoring the 
fracture behavior of the mortar joints. As a result, the failure mechanism of PG walls was 
not captured and one the main reasons of modeling, local behavior, was not achieved.  
152 in. (3.9 m) 
 
 
224 in. (5.7 m) 
 
 
224 in. (5.7 m) 
 
 
152 in. (3.9 m) 
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In this study, a new 3D model was developed using surface-based cohesive 
behavior for joints and concrete damage plasticity for modeling the mortar and the 
concrete masonry units. In such a model, in addition to predicting the mechanical 
behavior of the wall, crack pattern, local failure and failure mode can be also captured. 
The proposed model was first developed for masonry assemblages and, after validation, 
it was used to predict the behavior of the wall specimens. A parametric study utilizing the 
proposed numerical model was used to examine the effect of axial compressive stress, 
and boundary conditions on the wall response. 
 
1.3.2.4 Task 4: Development of design methodology and improved shear strength 
expression 
The shear strength equation in the MSJC code (2013) is mainly based on 
experimental data obtained from FG reinforced masonry walls. Voon and Ingham (2006 
and 2007) provided a comprehensive comparison and review of different shear strength 
expressions reported in the literature. These expressions were evaluated with data 
obtained from FG walls available in the literature. In the current study, it was attempted 
to develop an improved and a conservative shear strength equation for PG walls. 
Therefore, only experimental studies of full-scale PG masonry walls containing both 
horizontal and vertical grouted cells were took in consideration. Additionally, the test 
data developed in Task 2 of this research were also used in developing the new shear 
equation. The development of the new expression assisted using the numerical methods 
developed in Task 3. Improved design details and methods that are economically 
competitive and compatible with the expected seismic risk need to be developed for PG 
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walls. Therefore, a new approach to reinforcement detail of PG shear walls was 
investigated through adopting an infilled wall model as opposed to the monolithic wall 
model by comparing the performances of suggested configuration with the conventional 
design. The response modification coefficient factor, R, adopted in ASCE/SEI 7-10 for PG 
walls might not meet the performance and safety standard of FEMA P695 (ATC 2009). 
ASCE/SEI 7-10 specifies that R and over-strength (Ω) factors of ordinary load-bearing 
reinforced masonry wall systems are 2 and 2.5, respectively. A recommended 
methodology for reliably quantifying building system performance and calculating 
response parameters of buildings developed under the FEMA P695 effort (ATC 2009) 
were used to investigate the seismic response of PG buildings. 
 
1.4 Outline of the dissertation 
This dissertation is comprised of eight chapters including the introduction chapter 
and two appendixes. Each chapter is briefly described in the following sections.  
 
1.4.1 Chapter 2: Literature review 
A comprehensive review of different aspects of PG masonry walls is presented. This 
chapter is divided into three parts. First part focuses on available experimental studies in 
the literature. The second part deals with the research focusing on the numerical 
modeling of masonry. Last part of this chapter discusses studies which mainly 
investigated the shear expression of PG masonry. 
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1.4.2 Chapter 3: Properties of constituent materials and assemblages 
This chapter presents the first experimental phase of research. The mechanical 
properties of masonry units, mortar, grout and reinforcement are presented. After 
presenting primary results of material, different assemblages were built and tested to 
determine mechanical properties of masonry. These tests were restricted to hollow and 
grouted prisms, bed joints shear specimens and diagonal tension specimens. 
Assemblages test results were used to develop a new simplified numerical micro 
modeling of masonry in chapter 6. Also, assemblages tests were employed to enhance 
predicting failure mechanisms of masonry using digital image correlation (DIC), see 
appendix A. 
 
1.4.3 Chapter 4: Experimental program 
Chapter 4 discusses fabrication of the test setup, loading protocol, instrumentation, 
and the construction detail of the test specimens. Wall tests were performed at two 
laboratories, Drexel University and University of Minnesota. As a result, two different test 
setups were prepared and discussed in detail in this chapter. Walls with aspect ratio of 
1.0 and 0.67 were constructed and tested at Drexel University and University of 
Minnesota, respectively.  
  
1.4.4 Chapter 5: Experimental results and discussion 
This chapter presents the experimental results and test observations of all walls 
tested in the program. Shear strength, crack pattern and ductility of walls are discussed in 
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detail. Additional data on other analytical aspect of PG walls, such as deformation of the 
hollow panels, pictures of crack patterns, sliding and deformation at height, are 
presented in appendix B.   
 
1.4.5 Chapter 6: Numerical modeling 
A simplified micro modeling based on the basic mechanical properties of masonry, 
assemblages was developed and presented in this chapter. After validation and 
verification of the numerical results for the assemblages, the model was employed to 
predict the behavior of PG masonry walls tested in the program. Finally, the numerical 
modeling was used to investigate the effect of axial load and boundary condition on the 
performance of the walls. 
 
1.4.6 Chapter 7: Proposed design methodology 
The first part of this chapter was devoted to study the conservatism of MSJC (2013) 
shear equation. This was accomplished by comparing the shear strength of 42 full-scale 
PG walls available in the literature with the MSJC (2013) code. Results showed that, even 
implementing a reduction factor does not solve the fundamental problem of the shear 
code equation. This expression needs to be viewed from a different perspective. In this 
chapter, a new approach was introduced to examine the shear strength mechanism of 
PG walls through adopting a modified infilled-frame model as opposed to the 
conventional monolithic wall model that currently underpins the problem with the code 
provisions. A new expression was developed for PG walls based on infilled-frame 
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mechanism. The proposed model was verified by comparison with the shear strength of 
test data and also available database and a good agreement was obtained. The R factor 
of PG buildings was also studied and results showed the R value assigned to the 
conventional design details in one story building do not pass the acceptance test of the 
FEMA P695 methodology, however, the proposed detail, DD, showed performance that is 
consistent with current response factors. As a result, MSJC (2013) needs to restrict PG 
masonry for SDC C and higher to doubly grouted configuration. Alternatively, singly 
reinforced walls, SS, can be used if a lower R factor is proposed by ASCE 7. 
 
1.4.7 Chapter 8: Conclusions 
Results and findings of the research program are summarized and conclusions are 
made based on these findings in chapter 8. Recommendations for continuation of this 
research to bridge the knowledge gap to further improve code’s shear design provisions 
are made at the end of this chapter. 
 
1.4.8 Appendixes 
Appendix A presents the results of digital image correlation (DIC) in order to 
investigate in detail the mechanical behavior of masonry assemblages. After verification 
of the results using assemblages, the setup was enhanced and upgraded to study the 
behavior of PG walls. Outputs from the DIC were compared with traditional strain gages 
system measuring. Full field data measurements from DIC were used to study the strain 
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distribution, crack propagation and deformability of PG walls. In the appendix B, more 
detail results of all walls are presented. 
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2 LITERATURE REVIEW  
 
2.1 Introduction 
Masonry is the oldest construction material still in use for a vast variety of building 
construction (Drysdale and Hamid 2015). Concrete masonry structures are divided in two 
categories; unreinforced (URM) and reinforced (RM). Usually unreinforced masonry has 
been used as non-load-bearing walls such as partitions, and they are partially vulnerable 
to seismic forces (Zeng 2010). Walls in load-bearing masonry buildings are arranged at 
uniform spacing to carry gravity loads and also to resist lateral in-plane loads due to 
earthquake excitations. RM constitutes about 10% of all low-rise construction in the US, 
most of them are commercial and school buildings (Avila et al. 2014). Load-bearing 
masonry is used for multi-story hotels, college dormitories and apartment buildings. 
Load-bearing walls are either fully grouted (FG) or partially grouted (PG) where grout is 
placed only in the cells containing reinforcing steel. Shear walls are the most important 
element in providing building lateral load resistance and energy absorption. Recently, 
different studies such as; Minaie et al. (2010), Nolph and ElGawady (2012), ElGawady 
(2015) showed that MSJC (2008, 2011 and 2013) code’s shear design equation for PG 
walls is un-conservative. Minaie et al. (2010) tested four PG shear walls to examine the 
appropriateness of MSJC (2008) code’s provisions. It was shown that the code’s 
provisions overestimate the shear capacity of PG masonry shear walls. Five full scale PG 
masonry shear walls were tested by Nolph and ElGawady (2012). It was found that MSJC 
(2011) shear equation is inadequate in estimating the shear strength of PG walls with 4 ft 
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(1.2 m) horizontal reinforcement spacing because of overestimating the contribution of 
the horizontal reinforcement. However, it was adequate for less than 3 ft (0.8 m) spacing 
between vertical grouted cells. 
 
Past research was focused on the accuracy of code’s shear strength design 
provisions for reinforcement spacing less than or equal to 4 ft (1.2 m). Nevertheless, 
there is no research on investigating the performance (strength and ductility capacity) of 
PG wall with reinforcement spacing greater than 4 ft (1.2 m). Therefore, current research 
is aimed at investigating the behavior of PG walls, meeting MSJC (2013) provisions for 
ORM walls and to suggest ways to enhance their seismic performance. Improving the 
accuracy of the MSJC shear expression code’s for PG shear walls are also aimed. 
 
2.2 Behavior and types of masonry shear walls 
It is important for the designer to understand the effects of design decisions on the 
behavior and failure mechanism of shear walls. The mode of deformation of a shear wall 
depends on level of axial load, material characterization, geometry boundary conditions 
and reinforcement detail. There are two common failure modes of shear walls; flexure 
and shear modes as can be seen in Figure 2.1. The flexural mode is characterized by bed-
joint cracking, yielding of vertical reinforcement and toe crushing whereas the shear 
mode is characterized by diagonal-tension cracking. The brittle shear mode of 
deformation should be avoided in the design of these walls (Lotfi and Shing 1991). 
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(a) Flexural failure mode         (b) Shear failure mode 
Figure 2.1 Behavior of fully grouted reinforced masonry shear wall, Shing (1989) 
 
According to MSJC (2013) code, reinforced shear walls are classified based on 
amount and distribution of vertical and horizontal steel, into three types; ordinary 
reinforced masonry (ORM), intermediate reinforced masonry (IRM) and special 
reinforced masonry (SRM) walls, see Figure 2.2. ORM shear walls are suitable for seismic 
design category (SDC) A, B, according to ASCE/SEI 7-10. The maximum horizontal and 
vertical reinforcement spacing of ORM walls is 10 ft (3 m). For SDC of C and D, masonry 
walls shall comply with maximum horizontal and vertical spacing of 4 ft (1.2 m) and 10 ft 
(3 m), respectively. SRM walls are used in high seismic areas, (SDC of E or F) with both 
horizontal and vertical reinforcement spacing of 4 ft (1.2 m) (Figure 2.2).  
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(a) Ordinary reinforced masonry wall (ORM) 
 
 
 
(b) Intermediate reinforced masonry wall (IRM)  
 
 
 
(c) Special reinforced masonry wall (SRM) 
Figure 2.2 Wall types as per MSJC code 
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All walls in these categories can be either FG or PG. In PG walls, only the reinforced 
cells are grouted while all cells are grouted in FG walls. This detail essentially can make 
the behavior of such walls significantly different. 
 
While most of reinforced masonry construction in the West Coast is FG, almost all 
reinforced masonry structures constructed outside the West Coast, including those in 
regions of high seismic risk, are PG. Partially grouted walls have been favored over FG 
walls because of ease and speed of construction and economy (Drysdale and Hamid 
2015). However, because of limited research into behavior of this type of walls, their 
seismic performances are not fully understood.  
 
2.3 Previous studies 
2.3.1 Experimental studies 
Compared to studies devoted to other construction materials, little research has 
been devoted to investigate or improve the seismic performance of reinforced masonry 
structures. The most notable work is the set of large-scale systematic studies carried out 
under the NSF-sponsored TCCMAR program (Noland 1987) between mid-1980’s and mid-
1990’s, which focused on the performance of FG reinforced masonry construction for 
areas of high seismic risk like the West Coast of the US. The strength design of reinforced 
masonry structures was introduced in the 1997 uniform building code (UBC) and also in 
the masonry design code developed by the masonry standards joint committee as a 
result of this effort. However, not many studied have been carried out on the seismic 
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performance of PG walls. In the last twenty years, few studies were carried out  on  PG 
masonry, e.g., Chen et al. (1978), Yancey and Scribner (1989), Ghanem et al. (1992, 
1993), Brammer (1995) , Schultz (1996 a, b), Ingham et al. (2001), Voon and Ingham 
(2006), Minaie et al. (2008, 2009, and 2010), and Nolph and ElGawday (2012). Among 
those available in literature, research focusing on full scale test of PG walls are selected 
for study the accuracy of code’s provisions and demonstrated in Table 1. These studies 
are explained to some extent in this section.  
 
Chen et al. (1978) tested four PG concrete masonry piers under axial stress of 55 psi 
(0.38 MPa) with an aspect ratio of 1.0. Although, the vertical spacing between the 
grouted cells was held constant, different horizontal spacings for bond beams were 
chosen. Additionally, the amount of horizontal and vertical reinforcement varied 
between the walls. Cyclic load pattern and fixed-fixed boundary conditions were used. It 
was demonstrated that the shear strength of the PG walls were lower than that of the FG 
walls. However, the net ultimate shear stress of the PG piers was 22% higher than that of 
FG specimens. Almost all the specimens failed in a shear mode and walls with higher 
amount of vertical reinforcement did not show better performance than those containing 
less amount of vertical reinforcement. Therefore, the extra amount of flexural 
reinforcement was redundant showing no influence on the shear strength of the 
specimen. This can be attributed to the pier frame action which carried additional axial 
load. As a result, the existing vertical compression stress on the columns counteracted 
some part of tensile stresses that vertical reinforcements were considered to resist. Chen 
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et al. results showed that the energy dissipation of all the specimens increase as drift 
ratio increased. The amount of reinforcement in both the horizontal and vertical 
directions appears to have a negligible effect on the rate of energy dissipation.  
 
Yancey and Scribner (1989) tested eight PG walls to determine the effect of varying 
the amount and distribution of horizontal reinforcement on the shear resistance of PG 
masonry walls. All of the walls were constructed only using horizontal bed joint 
reinforcement with no vertical reinforcement as can be seen from Table 1. These walls 
were subjected to reversed cyclic load pattern combined with constant axial compressive 
stress and all the specimens had fixed-fixed boundary conditions. All the walls exhibited 
shear mode of failure by presenting cracks propagating along the major diagonals of the 
panels. They concluded that small amount of shear reinforcement was effective in 
postponing crack initiation by increasing the cracking strength. Their observation showed 
that the ultimate shear strength of the walls increased as shear reinforcement increased. 
However, it was not increased proportionately with increasing the amount of horizontal 
reinforcement. 
 
Ghanem et al. (1992, 1993) investigated the effect of the distribution of vertical and 
horizontal reinforcement and axial compressive stress on the in-plane response of PG 
one third scale masonry shear walls. They tested six third-scale wall specimens. The walls 
were approximately 3 ft x 3 ft (0.9 m x 0.9 m), and were subjected to monotonic in-plane 
displacements with constant vertical compressive stress. Ghanem et al. concluded that 
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the behavior and failure modes of PG masonry are strongly dependent on the 
distribution of reinforcement and the level of axial compressive stress. Due to scaled 
geometry of these walls, they were not included in the database for the code’s shear 
strength calculation. 
 
Brammer (1995) performed quasi static reversed cyclic tests on seven cantilevered 
PG walls. All the specimens were built with the same height with different width and 
length and were tested under in-plane lateral load with no axial load. His results showed 
that all walls but one failed in a shear mode by showing diagonal tension cracks due to 
lack of horizontal reinforcement, as anticipated. The main aim of this research was to 
evaluate the accuracy of NZS 4229:1999 shear strength prediction. It was conducted that 
the walls had shear strength significantly greater than the code’s prediction. The level of 
conservatism increased as the length of walls increased which showed that the NZS code 
underestimates the effect of the wall shear area significantly.  
 
Schultz  (1996 a, b) tested twelve PG concrete masonry shear walls under in-plane 
loads, six of which contained deformed bars as horizontal reinforcement in grouted bond 
beams, and the six other contained bed-joint reinforcement. The specimens were 
subjected to quasi-static cyclic lateral displacements with fixed-fixed boundary conditions 
and nearly constant vertical compressive stress. Schultz concluded that the lateral 
resisting mechanism for PG reinforced masonry is vastly different from that for FG 
reinforced masonry. His results showed that as the level of horizontal reinforcement 
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increased, the ultimate shear stress increased but the stiffness decreased. Cracks that 
formed between the grouted and ungrouted cells tended to grow and disturb the 
anchorage region of the horizontal reinforcement where these bars intersected the 
vertical cells. Thus, increasing the level of horizontal reinforcement slightly increase the 
ultimate shear strength but had a negligible effect on stiffness. Because of the limited 
number of tests, and the scatter of the data that is typical in shear strength tests, no 
definitive conclusions could be drawn from this study. However, upon investigating the 
performance of different shear strength formulas, he concluded that a formula 
developed by Matsumura (1988) best represent the trends observed in the tests. 
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Table 2.1 Partially grouted wall database 
Name 
Height Length Thickness 
Boundary 
Reinforcement 
      ft (m)                        ft (m)         in. (mm) Vertical Shear Joint-Reinforcement 
Chen (1978) 4.7 (1.4) 4 (1.2) 7.7 (194) Fixed 
- – 
– 
(2)#5 (D16) #5 (D16) 
(2)#8 (D25) – 
(2)#8 (D25) (2)#5 (D16) 
Yancey (1989) 4.7 (1.4) 4 (1.2) 7.7 (194) Fixed – 
–    9-ga. ladder 
–   9-ga. ladder 
2#4 (D13) - 
3#5  (D16) - 
(1)#5, (1)#5 (D16) - 
#3 (D10) 9-ga. ladder 
2#4 (D13), 1-#5 (D16) 9-ga. ladder 1#5 (D16) 
1#5  (D16) - 
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Table 2.1 Partially grouted wall database (continued) 
Name 
Grout Spacing  
ft (m)  Prism Strength Axial Load  
kips (kN) 
Horizontal                   Vertical  f 'm  ksi (MPa) 
Chen (1978) 
4.7 (1.4) 
3 (0.9) 1.6 (10.8) 
42 (188) 
2.3 (0.7) 30 (134) 
4.7 (1.4) 29 (130) 
1.5 (0.5) 31 (139) 
Yancey (1989) 
4.7 (1.4) 
3.3 (1) 3.1 (21.1) 
72 (321) 
4.7 (1.4) 60 (268) 
2.3 (0.7) 83 (368) 
2.3 (0.7) 62 (275) 
1.5 (0.5) 66 (294) 
2.3 (0.7) 78 (346) 
2.3 (0.7) 89 (395) 
1.5 (0.5) 70 (310) 
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Table 2.1 Partially grouted wall database (continued) 
Name 
Height Length Thickness 
Boundary 
Reinforcement 
ft (m) ft (m) in. (mm) Vertical Shear Joint-Reinforcement 
Brammer (1995) 8 (2.4) 
8.5 (2.6) 3.5 (90) 
Cantilever 
(4)#3 (D10) #3 (D10) 
–  
6 (1.8) 5.5 (140) (3)#4 (D13) #5 (D16) 
8.5 (2.6) 5.5 (140) (4) #4 (D13) #4 (D13) 
14 (4.2) 5.5 (140) (6) #4 (D13) #5 (D16) 
6 (1.8) 7.5 (190) (3) #4 (D13) #5 (D16) 
8.5 (2.6) 7.5 (190) (4) #4 (D13) #5 (D16) 
14 (4.2) 7.5 (190) (6) #4 (D13) #5 (D16) 
Schultz (1996) 4.7 (1.4) 
9.3 (2.8) 
7.7 (194) Fixed 2#6 (D19) 
2#3 (D10) 
–  
6.7 (2.1) 2#3 (D10) 
4.4 (1.4) 2#3 (D10) 
9.3 (2.8) 1#4 (D13), 1#5  (D16) 
6.7 (2.1) 1#4 (D13), 1#5 (D16) 
4.7 (1.4) 1#4 (D13) 1#5 (D16) 
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Table 2.1 Partially grouted wall database (continued) 
Name 
Grout Spacing 
 ft (m)  Prism Strength Axial Load  
kips (kN) 
Horizontal                   Vertical  f 'm  ksi (MPa) 
Brammer (1995) 6.6 (2) 2.6 (0.8) 2.4 (16.3) 0 
Schultz (1996) 2.3 (0.7) 
9 (2.7) 
2.1 (14.5) 
60 (267) 
6.3 (1.9) 43 (191) 
4.3 (1.3) 30 (133) 
9 (2.7) 60 (266) 
6.3 (1.9) 40 (177) 
4.3 (1.3) 30 (132) 
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Table 2.1 Partially grouted wall database (continued) 
Name 
Height Length Thickness 
Boundary 
Reinforcement 
ft (m) ft (m) in. (mm) Vertical Shear 
Joint-
Reinforcement 
Voon (2006) 6 (1.8) 6 (1.8) 5.5 (140) Cantilever 
(5)#7 (D22) 
–  –  
(3)#7 (D22) 
Minaie (2009) 9 (2.6) 13 (3.9) 7.7 (194) 
Cantilever 
(4)#6 (D19) 1#6 (D19) – 
Cantilever 
Fixed 
Fixed 
Elmapruk (2010) 5.5 (1.6) 9 (2.6) 7.7 (194) Cantilever 
(4)#6 (D19) #5 (D16) 
– 
(4)#6 (D19) #5 (D16) 
(4)#6 (D19) 1#6 (D19) 
(4)#6 (D19) 2#5 (D16) 
(4)#6 (D19) #5 (D16) 
(3)#5 (D13), 
2#6 (D19) #5 (D16) 
Nolph (2010) 7.7 (2.3) 
8.6 
(2.6) 7.7 (194) Cantilever 
(4)#7 (D22) #5 (D16) 
– 
(4)#7 (D22) #6 (D19) 
(4)#7 (D22) 2#5 (D16) 
(4)2#6 (D19) #5 (D16) 
(5)2#5 (D16) #5 (D16) 
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Table 2.1 Partially grouted wall database (continued) 
Name 
Grout Spacing  
ft (m)  Prism Strength Axial Load  
kips (kN) 
Horizontal                  Vertical  f 'm  ksi (MPa) 
Voon (2006) 
1.3 (0.4) 
5.3 (1.6) 2.7 (18.5) 0 
2.6 (0.8) 
Minaie (2009) 4 (1.2) 4 (1.2) 2.5 (17.2) 
50 (222) 
50 (222) 
0 
0 
Elmapruk (2010) 2.3 (0.7) 
4 (1.2) 
2.5 (17.4) 11 (49.4) 
4 (1.2) 
4 (1.2) 
4 (1.2) 
2.7 (0.8) 
2 (0.6) 
Nolph (2010) 3.7 (1.1) 
4 (1.2) 
1.7 (11.3) 11 (49.3) 
4 (1.2) 
4 (1.2) 
2.7 (0.8) 
2 (0.6) 
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Ingham et al. (2001) tested thirteen PG concrete masonry walls with different 
aspect ratios, reinforcement quantities, and opening configurations. Nine of these walls 
had no openings. The height to length ratios ranged from 0.6 to 3.0, and different 
reinforcement distributions were used. These walls were nominally reinforced and had 
shear reinforcement only at the top two courses of the walls. All walls exhibited diagonal 
shear failure because of the lack of shear reinforcement. Voon and Ingham (2006) further 
tested ten PG walls that had openings to investigate the shear strength of concrete 
masonry and to measure the accuracy of the Standard Association of New Zealand NZS 
(2004) and NEHRP (1997) expressions. Two of the walls were PG and the remaining walls 
were FG. These walls constructed with different amount of flexural reinforcement. 
However, no shear reinforcement was implemented in the walls. No axial load applied on 
the walls. Their observation and test results revealed that although the NEHRP (1997) 
equation predicts the experimental shear strengths of the walls better than the Standard 
Association of New Zealand NZS (2004) equation, both equations significantly 
underestimate the shear strength of PG walls because of neglecting the area of grouted 
cells.  
 
Minaie et al. (2009) tested four PG shear walls to examine the appropriateness of 
the MSJC (2008) code’s provisions and to evaluate the seismic vulnerabilities of PG 
reinforced masonry shear walls. The walls were tested under displacement control 
reversed cyclic quasi static displacement pattern. All the walls were constructed with the 
same aspect and steel ratio. However, the boundary conditions and axial load were 
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different. It was shown that the MSJC code’s provisions overestimate the shear capacity 
of PG masonry shear walls by order of two. His observation showed that MSJC (2008) 
shear expression for PG walls becomes highly unconservative as the spacing of both 
horizontal and vertical steel increased. The behavior of PG walls is similar to that of 
infilled-frames and part of this low shear strength is attributed to frame mechanism, 
Minaie et al. concluded. Results of this study indicated that PG masonry shear walls 
respond similar to infilled RC frames, with a typical crack pattern shown in Figure 2.3, and  
have little coupling between vertical reinforcing steel. 
 
Elmapruk (2010) tested six full-scale PG walls with the same aspect ratio, vertical 
reinforcement ratio, and level of pre-compression load. This study was aimed to 
investigate the effect of spacing of grouted cells reinforcement on the seismic 
performance of PG walls. An inverse relationship between the shear strength and space 
of vertical reinforcement was observed. The same ultimate lateral shear stress was 
reported for the specimens having vertical reinforcement spacing of 2 ft (610 mm) and 
2.7 ft (813 mm). The reason for increasing the shear strength was attributed to the 
increase in the specimen’s net shear area. The failure mode due to yielding of flexural 
reinforcement was observed for the specimen having a vertical reinforcement spacing of 
4 ft (1.2 m). Additionally, these specimens showed a lower peak net shear stress than 
others. It was concluded that increasing the grout vertical spacing decreases the shear 
strength but increases the ductility of the walls. It also changes the failure mode from 
masonry toe crushing to yielding of vertical steel. Elmapruk concluded that the MSJC 
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(2008) equation is highly unconservative by over-predicting the shear strength of such 
walls. 
          
 
 
 
 
 
 
 
  
 
(a) Setup 
 
 
 
 
 
 
 
(b) Crack pattern 
Figure 2.3 Partially grouted wall tested by Minaie (2009) at Drexel University 
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More recently, five full scale PG masonry shear walls were tested by Nolph and 
ElGawady (2012). It was found that MSJC (2011) shear equations are inadequate in 
estimating the shear strength of PG walls with 4 ft (1.2 m) horizontal spacing between 
vertical reinforcement because of overestimating the contribution of the horizontal 
reinforcement. However, it was adequate for walls with spacing between vertical steel 
less than 2.5 ft (0.8 m). The amount and distribution of horizontal and vertical 
reinforcement were effective for development of shear strength and for crack control. 
When the spacing of vertical reinforcement is relatively close, less than 4 ft (1.2 m), the 
behavior of PG wall becomes more similar to FG walls. As mentioned before, PG walls 
were designed based on equation developed for FG walls. Therefore, by changing the 
hollow space between the horizontal and vertical reinforcement cells from 4 ft (1.2 m) to 
2.5 ft (0.8 m) or less the shear equation becomes more conservative.  
 
Based on data obtained in a number of experimental studies, Murcia-Delso and 
Shing (2009, 2011) developed fragility functions for different flexural and shear damage 
states for PG and FG reinforced masonry walls. For shear damage states, a demand 
parameter was proposed that is defined as the maximum shear force induced in a wall 
component normalized by the nominal shear strength calculated using the MSJC (2008) 
code equation. The fragility curves for a severe shear damage state, at which the peak 
shear strength of a wall has been reached, are shown in Figure 2.4. With the above-
defined demand parameter, the experimental data points reflect the cumulative 
probability distribution for the ratio of the actual shear strength of a wall to its nominal 
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shear strength. The graphs illustrate two points. First, there are a lot more data available 
for FG walls than for PG walls. Second, the probability of having the actual shear strength 
of a PG wall lower than the nominal strength is a lot higher. 
 
 
(a) Fully grouted walls 
 
 
 
(b) Partially grouted walls 
Figure 2.4 Fragility curves for severe shear damage, Murcia-Delso and Shing (2009) 
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For example, there is a 30% chance that the shear strength of a PG wall is less than 
or equal to 75% of the nominal shear strength, while that probability is only 5% for FG 
walls. The authors of this study did not have the opportunity to include the data of 
Minaie et al. (2009 and 2010), Elmapruk (2010) and Nolph and ElGawady (2012), which 
would have further increased the under-strength probability for PG walls. 
 
2.3.2 Analytical models 
Masonry is an inhomogeneous and anisotropic material and developing a 
comprehensive model to predict all its characteristics and behavior is a big challenge for 
researchers and engineers. There are a large number of numerical and analytical models 
of masonry components and walls available in the literature. However, most of these 
methods are ineffective in terms of cost and time. For engineering practice, the use of 
refined finite element models is often not advisable. Computationally, efficient models 
are also available implementing the FEMA P-695 methodology, which can be used to 
derive adequate seismic performance factors for PG wall reinforced masonry systems. 
This methodology requires a large number of simulations using incremental dynamic 
analysis with a suite of ground motions. Two types of simplified models can be used for 
wall systems; one is a frame model using beam-column elements to represent masonry 
components, and the other is a strut-and-tie model, which may be more suitable for 
perforated walls, in which the size of openings is relatively small compared to the total 
wall area (Dillon 2015). 
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Frame models can be used to simulate the behavior of flexure-dominated shear 
walls. A fiber-section model naturally accounts for the axial load-moment interaction 
phenomenon of a wall section. This type of model has also been extended by replacing 
the uniaxial stress-strain relation of a fiber with a multi-axial constitutive law to capture 
the linear and nonlinear shear behavior of reinforced concrete section (Petrangeli et al. 
1999, Rose et al. 2002, and Massone et al. 2009). While these models can capture axial, 
flexure, and shear interaction, they treat shear failure at a section level, and do not 
represent a diagonal shear crack in a realistic fashion. More often, shear behavior is 
modeled by incorporating a nonlinear phenomenological shear spring law in a beam-
column formulation (Marini and Spacone 2006). However, these models are useful only 
when experimental data are available to calibrate the shear-spring model and suffer from 
the deficiency that they ignore the flexure-shear interaction. PG ordinary walls are 
vulnerable to shear failure. Furthermore, experimental results by Minaie et al. (2009 and 
2010) have shown that when such walls behave in flexure, the deformation of the wall 
section could deviate significantly from the plane-section idealization adopted in a beam 
element model. This is most probably due to the significant shear deformation developed 
in the ungrouted portion of the wall. 
 
Strut-and-tie models are more suited for walls with shear-dominated behavior than 
beam-column models. They have been successfully used to analyze PG reinforced 
masonry shear walls with openings (Voon and Ingham 2008) and reinforced concrete 
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shear walls with irregularly located openings (Yanez et al. 1991). These models can also 
capture flexure-dominated behavior. 
 
2.3.3 Numerical models 
Generally, there are two main approaches to model quasi-brittle material such as 
masonry or concrete, smeared crack approach and discrete crack method. Finite element 
method can follow either smeared or discrete cracks approach to model the units, 
mortar joint and interface elements. In the discrete approach, cracks are modeled by 
separation between element edges. This method was introduced by Ngo and Scordelis 
(1967) and was first applied to concrete structures by Saouma (1981). In the discrete 
approach discontinuities generated from failure are directly applied into the model. This 
means that discrete crack continually changes the nodal connectivity (Jendele et al. 
2001). Basically, discrete method has suffered from three drawbacks. For phenomena 
such as progressive failure, it needs an adaptive re-meshing technique. Secondly, 
continuous change in nods connectivity does not fit the finite element displacement 
method. Finally, crack propagation follows the predefined applied crack path (Rots 1988). 
Discrete method is more compatible with our observation from crack concept, since 
crack is occurred based on discontinuity. However, because of mentioned drawbacks, 
smeared concept quickly replaced the discrete concept (Sittipunt and Wood 1993) (see 
Figure 2.5). 
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a) One-directional cracking        b) Two-directional cracking 
Figure 2.5 Discrete crack models (Sittipunt and Wood 1993) 
 
Smeared crack was published by Rashid (1968), in which a cracked solid is imagined 
to be continuum and cracks are propagated over different zones and it is based on 
reducing modulus of elasticity by crack progress. In this approach, behavior of concrete is 
assumed orthotropic, also this method is based on continuum concept of softening 
plasticity using the fixed mesh method. Jendele et al. (2001) used smeared concept to 
model reinforced concrete shear wall subjected to lateral displacements with opening. 
Results showed a good agreement in the pre-peak and peak loads. This example was a 
complex problem because of various structural failures such as; reinforcing yielding, 
crushing and concrete cracking. As the result, the failure mode of reinforced concrete 
shows that smeared crack is an appropriate method to model concrete shear walls. Also, 
Sittipunt and Wood (1993) used smeared crack concept in finite element analysis, to 
model concrete shear walls under cyclic load, and satisfactory results were obtained. 
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2.3.3.1 Masonry modeling 
To investigate local behavior, masonry components have to be tested under their 
actual conditions. Traditionally, homogeneous models were used for masonry walls. 
Because masonry is not a homogeneous material, masonry response using homogeneous 
models are not in agreement with experimental results. Considering masonry as an 
inhomogeneous material can improve the results comparing to homogenous modeling. 
However, each model has own advantages and disadvantages, and it is up to the user to 
choose which method is better. Different model strategies for masonry shear walls are 
summarized in Figure 2.6. 
 
 
 
Figure 2.6 Modeling strategies of masonry 
 
 
 
 
 
Masonry 
Modeling
Heterogeneous
Micro Model Interface Model
Homogeneous
Micro/Macro Macro Model
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2.3.3.2 Homogeneous model 
This method is used for large scale modeling. Elements are supposed to be smeared 
and one isotropic material represents the units and the mortar. The homogenization is 
shown in Figure 2.7.  
 
 
Figure 2.7 Homogenization 
 
In the macro modeling approach, masonry is considered a composite material (Rots 
1991). Basically, macro element models are used to study the overall response of 
structures. One of the methodologies to model a system such as shear wall by macro 
element is using different types of springs instead of structural elements (Minaie 2010). 
 
Chen et al. (2008) suggested a macro element model for analysis the unreinforced 
masonry shear walls. In this study, piers are modeled by shear springs connected to the 
spandrel acting as rigid body. This type of modeling is used when shear walls are modeled 
by strong spandrel and weak pier as shown in Figure 2.8 
.  
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Figure 2.8 Proposed macro element model (Chen et al. 2008) 
 
Smeared crack model in the micro/macro approach has been used to model 
masonry. In this approach, the wall is modeled with homogenized smeared element from 
the structure. Reducing the modulus of elasticity by increasing the load in the model 
represents the propagation of cracks in each element. This method has been conducted 
in some of researches to appraisal the lateral response of hollow and FG masonry shear 
walls under lateral loads (Lotfi and Shing 1991).  
 
Lotfi and Shing (1991) used smeared crack model in finite element analysis to 
investigate capability of these model in capturing the failure mechanisms and ultimate 
strength of reinforced masonry shear walls. J2 plasticity and nonlinear orthotropic model 
were used for uncracked and cracked masonry, respectively. Their model showed 
excellent agreement between analytical and experimental results with respect to flexural 
behavior (Figure 2.9a), but the model was not powerful to simulate the brittle shear 
behavior of masonry shear wall (Figure 2.9b). 
 
 
 
Rigid Spandrel 
 
 
Rigid Spandrel 
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                               (a) Flexural results                                          (b) Shear results 
 Figure 2.9 Experimental vs. analytical results (Lotfi and Shing 1991) 
 
Zhuge et al. (1998) developed a comprehensive analytical two dimensional plane 
stress model for masonry, under in plane dynamic loads. In this model, the failure 
envelop, shown in Figure 2.10a was employed for modeling masonry as a homogeneous 
material. The model was calibrated with experimental tests and results show reasonable 
agreement between the analytical and experimental (see Figure 2.10a and b). 
 
 
 
 
 
 
 
                            (a) Failure envelope                        (b) Analytical and experimental results 
Figure 2.10 Model inputs (Zhuge et al. 1998)  
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2.3.3.3 Heterogeneous model 
In this approach, models are built based on different constituent material 
properties of masonry. Therefore, this method is more complicated than homogeneous 
models. There are two groups to model heterogeneous material, based on simplicity and 
target level of accuracy as shown in Figure 2.6. In micro element modeling method, 
masonry components are modeled with simple structural elements and it can be used in 
investigating the local response of masonry shear walls. In this method, unit/mortar 
joints material and unit/mortar interfaces are represented by continuum and 
discontinuous elements, respectively, as shown in Figure 2.11b. In this approach, 
properties of units and mortar such as Poisson’s ratio, Young’s modulus, and inelastic 
characteristics are taken into account. These combinations of units and mortar joints 
with their interfaces can provide an accurate response of masonry shear walls (Shing et 
al. 1992). This type of modeling requires an intensive computational effort. To overcome 
this problem, simplified micro modeling has been established by Sutcliffe et al. (2001). 
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               (a) Real masonry structure                         (b) Detailed micro-modeling 
 
                                                    
              
            c) Simplified micro modeling                                 (d) Macro-modeling 
 
Figure 2.11 Modeling strategies for masonry structures (Lourenco et al 1998)  
 
Studies on finite element modeling of hollow and partially grouted masonry, such 
as; Shing et al. (1992), Lourenço and Rots (1997), and Berto et al. (2004) have been 
conducted using micro/interface modeling. In this approach, mortar joints are merged 
into the unit mortar interface as discontinuous elements and units’ dimensions are 
extended up to half the thickness of the mortar joint in each directions, resulting in 
continuum elements, details of this approach are shown in Figure 2.11c. 
 
Shing et al. (1990) used discrete crack approach to model the brittle behavior of 
masonry shear walls. Interface elements were used for mortar joints as primary cracks, 
and smeared secondary cracks were also used for units in this modeling approach. The 
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proposed model was able to successfully predict the behavior of brittle reinforced shear 
wall compared with experiment. 
 
Lourenço and Rots (1997) proposed an interface model for the analysis of 
unreinforced masonry structures (see Figure 2.12). Based on Figure 2.12a, they 
considered different failure modes and suggested a new approach for modeling masonry 
structures. In this approach, the mortar joints are considered the weakest elements and 
were modeled by interface elastic-plastic elements. Result showed that the model was 
able to reproduce the experimental response of the structure without any numerical 
difficulties. Additionally, this model was able to estimate cracks within the units. 
Capturing such a failure is new achievement in finite element modeling of masonry 
structures. 
 
 
 
 
 
 
 
                (a) Suggested modeling                         (b) Proposed interface model 
Figure 2.12 Suggested modeling strategies (Lourenço and Rots 1997) 
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Shing and Cao (1997) used two different types of elements, smeared and interface 
to model PG masonry wall’s behavior. Smeared crack elements are used to model the 
behavior of masonry units whereas, plasticity interface elements were used to capture 
tensile and shear behavior of joints. The interface element and yield surface of interface 
model are shown in Figure 2.13. While the failure mode was very well captured in this 
model the lateral strength was over-estimated compared to the experimental results. 
Also, this study showed that the behavior of PG masonry is relatively similar to reinforced 
concrete infill frames. 
 
          
Figure 2.13 Interface element (Shing and Cao 1997) 
 
2.4 Partially grouted masonry design  
Most of the available shear equations existing for reinforced masonry (RM) are 
statistical-based and no analytical equation has been adopted yet for these types of 
walls. This is mainly due to complexity of the shear mechanism in masonry shear walls. 
Practically, the shear strength of RM has been calculated by the summation of three 
components (masonry contribution, friction due to axial compression stress and shear 
reinforcement contribution). The first equation was developed almost three decades ago 
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by Matsumura (1988) and many researches and standard codes of countries including; 
Shing et al. (1990), New Zealand masonry design standard-NZS 4230:1990 SANZ (1990), 
Anderson and Priestley (1992), National Earthquake Hazards Reduction Program-NEHRP 
(1997), Uniform Building Code-UBC (1997), Australian Standard-AS3700 (2001), New 
Zealand Standard-NZS (4230:2004)- SANZ (2004), Canadian Standards Association-CSA 
S304.14 (2004), Voon and Ingham (2007), Masonry Standard Joint Committee-MSJC 
(2013), and ElGawady (2015) developed different shear equations. For the sake of 
brevity, only some of aforementioned equations are discussed here. Although many 
parameters were investigated in all of these studies, still there are discussions about the 
accuracy of those equations especially in the case of PG walls.  
 
The shear strength formula in the MSJC (2013) code is largely based on 
experimental data obtained from fully-grouted (FG) reinforced masonry walls. A review 
and comparison of different shear strength formulas reported in the literature was 
provided by Voon and Ingham (2006, 2007). They explained the derivation of the shear 
formula adopted in the New Zealand Standard-NZS (4230:2004)-SANZ (2004) by 
evaluating this equation with data only obtained from FG walls. However, to develop an 
improved and conservative shear strength formula for PG walls, the database compiled 
for fully scale PG masonry walls are used in this study. First the current code is evaluated 
based on the compiled database. Equations and discussions existing in the literature and 
results of survey performed herein showed that introducing new parameters and 
constants could not have solved the inaccuracy and imprecise PG wall shear expression. 
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This issue needs to be viewed from a different perspective other than simply introducing 
arbitrary factors in the FG shear expression due to different mechanism of PG walls.  
 
The mechanical behavior of PG walls is similar to confined masonry and masonry-
infilled reinforced concrete frames. However, concrete elements in the two systems have 
more reinforcement compared with grouted masonry elements in PG walls (having single 
bar in the middle of the grouted cells). Furthermore, confined masonry normally has solid 
brick units while PG walls contain hollow concrete units between grouted cells. Schultz 
(1996) and Minaie et al. (2010) indicated that vertically grouted cells in PG walls are 
highly vulnerable to shear failure. This vulnerability is mainly attributed to the initiation 
and propagation of horizontal shear cracks along bed joints from the hollow masonry 
panels (weak elements) into the vertical grouted and reinforced cells. Therefore, regions 
around the intersection of bond beams and vertically grouted cells are highly susceptible 
to damage. This behavior observed in the PG walls is very similar to the strut mechanism 
developed in masonry infill in an RC-infiled frame structures. 
 
2.4.1 Available reinforced masonry shear strength equations 
The first shear equation for RM shear walls was developed by Matsumura (1988) to 
predict the in-plane shear strength based of testing about 60 concrete and 30 brick 
masonry shear walls. This equation was also proposed based on regression of wall test 
results in the conventional form of three terms as can be seen in Eq. 2.1. The 
contribution of the shear strength of masonry, shear reinforcement and axial stress were 
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included here. Only edge vertical steel bar were included in this study. Matsumura 
considered different factors for PG walls by defining 𝑘𝑘𝑢𝑢 and 𝛾𝛾, equal to 0.64 and 0.6, 
respectively.  
𝑉𝑉𝑛𝑛 = �𝑘𝑘𝑢𝑢𝑘𝑘𝑝𝑝 � 0.76�ℎ 𝑑𝑑� �+0.7 + 0.012��𝑓𝑓′𝑚𝑚 + 0.2𝜎𝜎𝑛𝑛 + 0.18𝛾𝛾𝛾𝛾�𝜌𝜌ℎ𝑓𝑓𝑦𝑦ℎ𝑓𝑓′𝑚𝑚� × (0.875𝑡𝑡𝑡𝑡)           Eq. 2.1 
 
Shing et al. (1990) proposed another shear equation for concrete RM walls 
employing regression analysis of the shear strength of 22 FG shear walls tested under 
lateral shear forces (Eq. 2.2). The contribution of shear reinforcement in the first and last 
courses was ignored because of inefficient embedment length. All vertical reinforcement 
was considered effective due to their dowel action. Although, this equation was 
developed based solely on FG walls test results, it was directly applied for predicting the 
shear strength of PG masonry as well. In this equation, the contribution of the bottom 
and top transverse reinforcement were neglected because of insufficient development 
length caused by diagonal cracks. Additionally, they didn’t consider a separate term for 
the effect of axial stress and it was included in the masonry part. Mixing these 
parameters made the equation different from other equations and even by expanding 
the terms of the equation there is no separate term for considering the effect of axial 
load. 
𝑉𝑉𝑛𝑛 = �0.166 + 0.0217 𝜌𝜌𝑣𝑣𝑓𝑓𝑦𝑦𝑣𝑣��𝑓𝑓𝑚𝑚′ 𝐴𝐴𝑛𝑛 + (0.0217𝜎𝜎𝑛𝑛𝐴𝐴𝑛𝑛)�𝑓𝑓𝑚𝑚′ + (𝐿𝐿−2𝑑𝑑′𝑆𝑆ℎ − 1)𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ    Eq. 2.2 
 
For calculating the in-plane shear strength of fully and PG reinforced masonry shear 
walls New Zealand masonry design standard, NZS (4230:1990)-(SANZ 1990), contains an 
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expression (Eq. 2.3) based only on test results that were conducted in 1980 or earlier.  As 
can be seen from the equation effect of axial compressive stress is not included in this 
equation. However, it was included in the Vm term (𝑉𝑉𝑚𝑚 = 0.1𝑓𝑓𝑚𝑚′ + 𝜎𝜎𝑛𝑛). The effect of 
vertical reinforcements is not considered here and full contribute of the horizontal 
reinforcement is included without any limitations on their locations in the wall.  
𝑉𝑉𝑛𝑛 = 𝜈𝜈𝑚𝑚𝑏𝑏𝑤𝑤𝑡𝑡 + 𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡 𝑠𝑠ℎ⁄                                                                             Eq. 2.3 
 
Anderson and Priestley (1992) developed an expression (Eq. 2.4) for reinforced 
masonry shear strength utilizing the test results of Matsumura (1988), Shing et al. (1990) 
and Sveinssion et al. (1985). They also neglected the effect of dowel action of vertical 
reinforcement. Although the shear strength of masonry is affected by the type of 
masonry and effect of inelastic deformation of masonry shear strength, previous studies 
overlooked these two parameters in deriving their equations. In the first part of the 
equation, Anderson and Priestley introduced a reduction factor (Cap) based on wall 
ductility for considering the degradation of masonry shear strength in the inelastic 
response. Additionally, they introduced another coefficient factor (K) for different types 
of masonry employed in the wall construction. Again, no specific parameter was defined 
for PG masonry shear walls and same shear mechanism considered for both fully and PG 
walls.   
𝑉𝑉𝑛𝑛 = 𝐶𝐶𝑎𝑎𝑝𝑝𝐾𝐾𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + 0.25𝜎𝜎𝑛𝑛𝐴𝐴𝑛𝑛 + 0.5𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡 𝑠𝑠ℎ⁄                                                           Eq. 2.4 
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National Earthquake Hazards Reduction Program, NEHRP (1997) adopted an 
equation similar to Anderson and Priestley equation (Eq. 2.4). They express the ductility 
factor in terms of wall aspect ratio (M
VL
) as indicated in Eq. 2.5. This shear equation takes 
one step back in considering the inelastic behavior of masonry and it just relying on the 
wall aspect ratio. The effect of dowel action and vertical reinforcement were neglected in 
the expression and no clear distinction was defined for PG walls.  
𝑉𝑉𝑛𝑛 = 0.083 �4.0 − 1.75 𝑀𝑀𝑉𝑉𝐿𝐿� 𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + 0.25𝜎𝜎𝑛𝑛𝐴𝐴𝑛𝑛 + 0.5𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡𝑣𝑣 𝑠𝑠ℎ⁄                               Eq. 2.5 
 
The shear strength expression (Eq. 2.6) for RM walls available in the Uniform 
Building Code, UBC (1997) is exclusively based on the test results of NSF-sponsored U.S. 
coordinate program for masonry building research (TCCMAR), that dealt solely on the 
seismic performance of FG walls, Noland (1987). However, unlike the Matsumuara 
equation (Eq. 2.1), no modification factor was introduced for PG walls. 
𝑉𝑉𝑛𝑛 = 0.083 �2.8 − 1.6 �ℎ𝑒𝑒𝑑𝑑𝑣𝑣�� 𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + 𝐴𝐴𝑠𝑠ℎ𝑓𝑓𝑦𝑦ℎ                                                                Eq. 2.6 
 
In 2007 Voon and Ingham introduced new modification factors to the New Zealand 
Standard NZS (4230:2004)-SANZ (2004) shear equation (Eq. 2.7). This equation also does 
not provide any special consideration for PG walls.  
𝑉𝑉𝑛𝑛 = �0.022ρvfyv + 0.084 �4.0 − 1.75 ℎ𝑒𝑒𝑙𝑙𝑤𝑤�� �1 − 𝜇𝜇−1.252.75 �𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + (0.9 tanα)P∗+ 𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡𝑒𝑒 𝑠𝑠ℎ⁄       Eq. 2.7 
 
MSJC (2013) introduced a reduction factor (𝛾𝛾𝑔𝑔 = 0.75) to the shear equation 
developed by NEHRP (1997) for PG walls, see Eq. 2.8. Reduction factor is associated with 
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results of PG and FG walls reported by Minaei et al. (2010) and Davis et al. (2010), 
respectively. In each category the ratio of tested specimens over the MSJC code 
estimation value was calculated. Ultimately, the reduction factor was extracted by 
dividing the mean results of PG walls over the mean results of FG.  
𝑉𝑉𝑛𝑛 = 𝛾𝛾𝑔𝑔 �0.083 �4.0 − 1.75 𝑀𝑀𝑉𝑉𝐿𝐿�𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + 0.25𝜎𝜎𝑛𝑛𝐴𝐴𝑛𝑛 + 0.5𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡𝑣𝑣 𝑠𝑠ℎ⁄ �                               Eq. 2.8 
 
ElGawady (2015), introduced 𝛼𝛼 and 𝛽𝛽 modification factors in order to improve the 
MSJC (2013) expression as shown in Eq. 2.9. Factor 𝛼𝛼 was introduced to account for 
different grout cell/reinforcement spacing and wall aspect ratio. Factor 𝛽𝛽 accounts for 
the reduction in the steel efficiency because strain in the horizontal reinforcing bars 
reduces as horizontal reinforcement ratio increases. 
𝑉𝑉𝑛𝑛 = α �4.0 − 1.75 𝑀𝑀𝑉𝑉𝐿𝐿� 𝐴𝐴𝑛𝑛�𝑓𝑓𝑚𝑚′ + 0.25𝜎𝜎𝑛𝑛𝐴𝐴𝑛𝑛 + 𝛽𝛽0.5𝐴𝐴𝑠𝑠ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡𝑣𝑣 𝑠𝑠ℎ⁄                                   Eq. 2.9 
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3 PROPERTIES OF CONSTITUENT MATERIALS AND ASSEMBLAGES 
 
3.1 General 
This chapter presents the experimental results of tests conducted to determine the 
physical and mechanical properties of ungrouted (hollow) and fully grouted concrete 
masonry assemblages under axial compression, bed joint shear and diagonal tension this 
information is needed to analytically predict the response of PG reinforced masonry 
shear walls under in-plane lateral load. 
 
3.2 Material properties of constituent materials 
3.2.1 Units  
Two types of hollow concrete blocks, regular and stretcher, with nominal thickness 
of 7.6 in. (200 mm), meeting ASTM C90 provisions, were used in this study. The physical 
and mechanical properties of the units meet the ASTM C140 requirements for load-
bearing concrete masonry units (Figure 3.1).  
 
Figure 3.1 and Figure 3.2 show unit dimensions, compression and splitting tests. 
Units were capped and tested under axial compression to determine compressive and 
tensile strengths. The average net compressive strength and splitting tensile strength of 
the units were 2.9 ksi (20 MPa) and 0.46 ksi (3.2 MPa), confirming to ASTM C140 and 
C1006, respectively. 
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         (a) Regular unit 
 
 
        
 
 
 
 
 
      (b) Stretcher unit 
Figure 3.1 Unit configuration 
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(a) Unit compression test                       (b) Unit splitting tensile test 
 
Figure 3.2 Unit testing  
 
3.2.2 Mortar  
Type S Portland Cement-lime mortar (PCL) was used in construction of the test 
specimens. Proportions by volume of Portland, lime and masonry sand were 1:0.5:4.5 
following ASTM C270 Standard. 2 in. (50 mm) mortar cubes were tested under axial 
compression to determine compressive strength (Figure 3.3). The average compressive 
strength of mortar cube was 1.9 ksi (13 MPa).  
 
 
 
 
 
 
 
 
Figure 3.3 Axial compression of mortar cubes 
 
3.2.3 Grout 
Grout mix consisted of 1.0:2.78:0.74 by weight of cement, sand and water, 
respectively was used. The water to cement ratio of the grout was chosen to achieve 
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sufficient workability for good flow into the grouted cells, without any segregation while 
pouring. The slump of the coarse grout, meeting ASTM C476 provisions, was 10 in. (254 
mm). Also, during the construction of assemblages, a steel rod was used to agitate the 
grout to achieve compaction and good bond between the grout and the blocks. Block-
molded prisms prepared as per ASTM C1019 standard were tested under axial 
compression to determine compressive strength (Figure 3.4). The average grout 
compressive strength was 3.4 ksi (23.4 MPa) meeting MSJC minimum strength 
requirement of 2 ksi (13.8 MPa).  
 
 
 
 
 
 
Figure 3.4 Grout specimen and axial compression test 
 
3.2.4 Reinforcement 
Two different reinforcing bars sizes, #6 (D 19) and #4 (D 13) meeting ASTM A615 
provisions, were used with an average yield strength of 60 ksi (414 MPa). Additionally, 
standard joint reinforcements JR, meeting ASTM A951, with 0.14 in. (3.7 mm) diameter 
(9 gauge side rods and 9 gauge cross rod) was used in the wall construction. 
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3.3 Assemblages 
Three hollow (ungrouted) full blocks wide and two grouted half blocks wide, three 
courses high, prisms were constructed in stack bond (Figure 3.5a). These assemblages 
were tested under axial compression following ASTM C1314 standard and resulted in an 
average compressive strength of 2.2 ksi (15.3 MPa) and 3.7 ksi (25.4 MPa) for ungrouted 
and grouted prisms, respectively. Three pairs of ungrouted and grouted cross specimens 
were also constructed as shown in Figure 3.5b, to determine bed joint shear strength. 
Results showed that grouted shear strength was 3 times higher than the ungrouted shear 
strength. Three hollow and fully grouted diagonal tension (DT) assemblages with six units 
height and three units long were built with running bond configuration and tested 
diagonally following ASTM E519 standard, (Figure 3.5c). Grouted DT specimens showed 
double the diagonal tensile strength of the hollow specimens. The failure mode of the UG 
specimens was a zigzag joint de-bonding failure (Figure 3.6a) whereas for the FG 
specimens it was a straight line crack passing through the units, grout and mortar joints, 
see Figure 3.6a and b. Results are summarized in Table 3.1, more detailed information 
will be provide for each assemblages separately as follows. 
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                       (a) Prism                       (b) Bed joint shear               (c) Diagonal tension 
Figure 3.5 Assemblage tests 
 
 
 
 
 
 
 
                     (a) Ungrouted specimen                                    (b) Grouted specimen 
Figure 3.6 Failure modes of diagonal tension specimens 
 
Table 3.1 Assemblages test results 
Specimen  
Strength ksi (MPa) 
Compression Shear Diagonal tension 
Ungrouted 2.2 (15.3)  0.03 (0.21)  0.07 (0.51)  
Grouted 3.7 (25.4)  0.09 (0.60)  0.14 (1.00)  
 
3.3.1 Axial compression tests 
Three ungrouted full block wide by three courses high were constructed in stack 
bond (Figure 3.7a) and tested under axial compression following ASTM C1314 to 
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determine compressive strength of ungrouted masonry. Two grouted half blocks wide by 
three course high (Figure 3.7b) were tested under axial compression to determine 
compressive strength of grouted masonry. Vertical strain was measured using LVDT strain 
gages. Load was applied using MTS actuator under force control (Figure 3.7). 
 
Failure mode of the ungrouted prism was characterized by vertical tensile splitting 
cracks initiated at the middle web and spreading to the top and bottom units are shown 
in Figure 3.7b. For the grouted specimen, the failure mode was characterized by diagonal 
cracks as shown in Figure 3.7c. 
 
 
 
 
 
 
        (a) Test setup                        (b) Failure mode of                    (c) Failure mode of    
                                                              ungrouted prism                        grouted prism    
                                                     
Figure 3.7 Axial compression test 
 
Table 3.2 contains the test results of the ungrouted and grouted prisms. For the 
ungrouted (hollow) prisms, compressive strength was calculated based on mortar net 
area. The compressive strength of the grouted prisms was higher than that of the 
ungrouted prisms (based on net area). This is because the compressive strength of the 
grout, occupying 51% of the gross area, is much higher than the compressive strength of 
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the outer shell (hollow prisms). Thereby, grouting increased the axial load carrying 
capacity by 50%.  
 
Figure 3.8 shows the load-displacement relationship of the ungrouted and grouted 
prisms. Despite similar strength at ultimate load, axial deformation at peak load of the 
ungrouted and grouted prisms was similar.  
 
Table 3.2 Compressive strength of hollow and grouted prisms 
 
 
Specimen 
 
Test 
Number 
Prism Strength 
Individual 
Ksi (MPa)  
Average 
Ksi (MPa)  C.O.V. % 
Ungrouted* 
1 2.5 (17.0)  
2.5 (17.0)  11 2 2.4 (16.5)  
3 2.6 (17.9)  
Grouted 
1 3.3 (22.7)  
3.75 (25.8)  - 
2 4.2 (29.1)  
             *Based on minimum net area 
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Figure 3.8 Stress-strain curve of ungrouted and grouted prisms 
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3.3.2 Bed joint shear tests 
The assemblage shown in Figure 3.9 was chosen to determine joint shear slip 
resistance. Three ungrouted (hollow) and three grouted bed joint shear assemblages with 
two units height were constructed flat-wise using two full blocks at the middle and one 
full model block at the top and another at the bottom. Specimen was turned 90 degree 
and vertical load was applied at the top of the middle block as shown in Figure 3.9b. This 
setup created pure shear at the mortar joints and resulted in a shear slip failure at the 
block-mortar interfaces, see Figure 3.9c. 
 
 
 
 
 
                  
                    (a) Test setup           (b) Failure mode ungrouted     (c) Failure mode grouted  
                                                             specimen                                     specimen 
 
Figure 3.9 Bed joint shear test  
 
Bed joint shear strength 𝑓𝑓′𝑣𝑣 is calculated as: 
𝑓𝑓′𝑣𝑣 = 𝑃𝑃𝐴𝐴                                                                                                                                    Eq.  3.1   
 
Where, P is the applied ultimate load and A is the net and gross contact area 
between the central blocks and the two end blocks for the hollow and grouted 
specimens, respectively. Table 3.3 presents shear test results for the hollow and grouted 
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specimens. Shear strength of grouted masonry was four times that of the ungrouted 
masonry. This is attributed to the high shear strength of the grout columns compared to 
the limited mortar bond strength at the block-mortar interface. Note the high variability 
of the ungrouted specimens compared to the grouted specimens. This is attributed to 
the highly variable interface between the units and the mortar joints bond of the 
ungrouted specimens.  
 
Table 3.3 Shear strength of ungrouted and grouted specimens 
 
 
Specimen 
Test 
Number 
Shear Strength 
Individual 
psi (MPa)  
Average  
psi (MPa)  C.O.V. % 
Ungrouted 
1 23.2 (0.16)  
29.1 (0.20)  23 
2 26.1 (0.18) 
3 39.2 (0.27)  
4 31.9 (0.22) 
Grouted 
1 88.5 (0.61)  
87.1 (0.60) 3.5 2 84.1 (0.58)  
3 82.7 (0.57)  
 
 
Figure 3.10 shows stress-strain curves of the ungrouted and grouted shear 
specimens, respectively. The deformation at ultimate load of the grouted specimens was 
much higher than that of the ungrouted specimens. Adhesion mortar bond at the block-
mortar interfaces has very limited deformation capacity indicating a high degree of 
brittleness of this mode of failure. It is to be noted, however, for shear wall axial stress 
normal to bed joints induced by gravity loads will maintain large slip deformation after 
adhesion bond break thereby creating a ductile mode of deformation and large energy 
absorption capacity. 
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Figure 3.10 Stress-strain curve of ungrouted and grouted shear specimens 
 
3.3.3 Diagonal tension tests 
Hollow (ungrouted) and fully grouted diagonal tension (DT) assemblages with six 
units height and three units long were constructed with a running bond and tested 
diagonally (Figure 3.11a) following ASTM E519 Standard. The specimens were 
constructed by a qualified mason and were filled with grout 24 hours after construction. 
The load was applied uniformly at constant intervals using a vertical MTS actuator under 
force control. 
 
The failure mode of the ungrouted specimens was characterized as step-wise crack 
at the block-mortar interfaces as shown in Figure 3.11b. For the grouted specimens, 
however, the failure plane followed a straight line through a combination of head joints 
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and masonry units. Grout-filled cells tend to reinforce the mortar joints at those locations 
and force the crack through the units.  
 
 
 
 
 
 
                    (a) Test Setup                     (b) Failure of Hollow             (c) Failure of Grouted 
                                                                        DT specimen                         DT specimen 
 
 Figure 3.11 Diagonal tension specimens 
 
Horizontal diagonal tensile strength 𝑓𝑓′𝑑𝑑 at the center of the specimen is calculated 
as: 
𝑓𝑓′𝑑𝑑 = 2𝑃𝑃𝜋𝜋𝐴𝐴                                                                                                                                   Eq. 3.2 
 
Where, P is the applied ultimate vertical load and A is the net and gross area of the 
vertical diagonal section for hollow and grouted specimens, respectively. The net area is 
calculated as the gross area times the average percent solid of the block which is taken 
equal to 51%. Table 3.4 presents the test results of the ungrouted and grouted 
specimens. As shown, grouting significantly increased the diagonal tensile strength. The 
strengthening of the bed joints due to the continuity of grout resulted in a higher and 
more uniform strength. Figure 3.12 shows load-deflection curves of the opposite 
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diagonals (vertical diagonal in compression and horizontal diagonal in tension). Grouted 
specimens show much higher deformation capacity as compared to hollow specimens. 
 
Table 3.4 Diagonal tension strength of ungrouted and grouted DT specimens 
 
 
Specimen 
Test 
Number 
DT Strength 
Individual 
psi (MPa)  
Average 
psi (MPa)  C.O.V. % 
Ungrouted 
1 79.8 (0.55) 
65.3 (0.45) 
62.4 (0.43)  
92.8 (0.63) 
74.0 (0.51)  17.8 
2 
3 
4 
Grouted 
1 123.3 (0.85) 
145.0 (1.00) 
165.3 (1.14)  
145.0 (1.00)  14.3 2 
3 
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Figure 3.12 Load-deflection curves hollow and grouted DT specimens 
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3.4 Summary 
 Based on the test results presented in this chapter, it is concluded that there is a 
distinct difference in behavior (failure mode, strength and deformation capacity) 
between ungrouted and fully grouted concrete masonry. Fully grouting the cells of 
concrete masonry units increased the compressive strength, shear strength and diagonal 
tensile strength by 50%, 199% and 96%, respectively. Grouting resulted in a significant 
increase in deformation capacity under bed joint shear and diagonal tension. No 
appreciable increase was shown under axial compression. Grout-filled cells tend to 
reinforce the week mortar bed joints resulting in continuity and uniformity. Less 
variability in bed joints shear and diagonal tension strength was evident for grouted 
masonry compared to ungrouted masonry.  
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4 EXPERIMENTAL PROGRAM 
  
4.1 General 
The second phase of this research program, after testing masonry materials and 
assemblages, involved design and fabrication of test setup and construction of wall 
specimens. Setup details, testing procedure, instrumentation, wall configuration and 
construction procedure are presented in this chapter. Visual representation of 
constructing and testing the walls is shown in Figure 4.1. Due to demolition of the 
Structural Testing Laboratory of Drexel University during this phase of wall tests, the 
experimental study is divided into two parts. First part conducted at Drexel Structural 
Testing Laboratory (Hess lab) and the second part that was carried out at University of 
Minnesota Structural testing Laboratory involved testing of walls with aspect ratios of 1.0 
and 0.67, respectively. 
 
Figure 4.1 Visual representation of chapter 4 
Construction 
and Testing 
Testing 
Procedure
Instrumentation
Actuators
Sensors
Data Acquisiton System
Specimens 
Configuration
Wall 
Construction
Material 
Preparation
Test Setup
Fabrication
Instalation
Foundation Post-
tensioning Out of Plane 
Support
Load 
Beam
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4.2 Background 
A series of full-scale partially and fully grouted masonry shear walls were 
constructed and tested by Minaie on 2010 at the Structural Testing Laboratory of Drexel 
University (HESS lab) to investigate the behavior and vulnerability of reinforced masonry 
shear walls. Some of their previous research hardware, such as wall foundation and 
sensors that were structurally and technically sound, were reused in the current research 
program. 
 
4.3 Wall designation 
Specimens are designated based on their cells grouting and also boundary 
conditions using the following pattern: XYO-R-S, in which X stands for single or double 
grouted vertical cells, (single reinforcement; S, double reinforcement; D), Y stands for 
single or double grouted horizontal cells, (single reinforcement; S, double reinforcement; 
D), O represents joint reinforcements (joint reinforcement indicating by J), R indicating 
the wall aspect ratio (0.67 or 1.0). Finally, S is the value of axial stress on the wall; walls 
under 20 psi (0.14 MPa) and 100 psi (0.7 MPa) axial load are designated by values 20 and 
100, respectively. Axial stresses, 20 psi and 100 psi (0.14 MPa and 0.7 MPa), are chosen 
based on net area. All walls were tested under cantilever condition. For instance, 
specimen DDJ-1.0-20 is a PG masonry shear wall with double vertical and horizontal 
grouted cells, joint reinforcements, aspect ratio of 1.0 and is tested under cantilever 
boundary condition and 20 psi (0.14 MPa) axial stress. 
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4.4 Wall configurations 
Different configurations tested in the experimental part of this research are 
presented in the Table 4.1. All walls were designed by using the same effective height of 
152 in. (3.9 m). The configuration of test setup for installing the load beam dictated, at 
least, adding two more fully grouted courses on top of the target height of walls.  
 
Table 4.1 Dimensions and reinforcement configurations for test specimens 
Wall ID 
H L W 
H/L 
Reinforcement Axial stress 
psi (MPa) in. (m) Vertical Horizontal 
SS-1.0-20 
152 
(3.9) 
152 
(3.9) 
7.6 
(0.2) 
1.0 
#6 (D19) #6 (D19) 
20 (0.14) DD-1.0-20 2#4 (D13) 2#4 (D13) 
DDJ-1.0-20 2#4 (D13) 2#4 (D13)+JR  
DD-1.0-100 2#4 (D13) 2#4 (D13) 100 (0.70) 
SS-0.67-20 
224 
(5.7) 0.67 
#6 (D19) #6 (D19) 
20 (0.14) DD-0.67-20 2#4 (D13) 2#4 (D13) 
DSJ-0.67-20 2#4 (D13) 2#4 (D13)+JR  
 
 
4.4.1 Wall configuration and construction details 
Seven full-scale PG masonry shear walls were tested ; namely, SS-1.0-20 and SS-
0.67-20, single cell/bond beam reinforcing (S) under 20 psi (0.14 MPa) [with aspect ratios 
of 1.0 and 0.67], DD-1.0-20 and DD-0.67-20, double cell/bond beam (D) reinforcing under 
20 psi (0.14 MPa) [with aspect ratios of 1.0 and 0.67], DDJ-1.0-20 and DSJ-0.67-20, 
double cell/bond beam reinforcing with joint reinforcement under 20 psi (0.14 MPa) 
[with aspect ratios of 1.0 and 0.67], and DD-1.0-100, double cell/bond beam reinforcing 
under 100 psi (0.7 MPa) axial compression load were tested under constant axial 
compressive stress and increasing lateral top cyclic displacement. All details of the walls 
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with different aspect ratios were duplicated except for walls DDJ-1.0-20 and DDJ-0.67-20. 
Double bond beam with JR at every other courses were used in wall DDJ-1.0-20. 
However, it changed to a single bond beam with joint reinforcement at every course in 
DSJ-0.67-20 wall. The reinforcement of the first specimen, SS-1.0-20, had #6 (D 19) bars 
spaced at 72 in. (1.8 m) on center in the vertical and horizontal directions. However, the 
reinforcement configuration for the rest of specimens were the same using 2 #4 (D13) 
bars in each direction except for DS-J-0.67-20 wall with 1 #4 (D13) for bound beams and 
2#4 (D13) for vertical grouted cells. Figure 4.2 shows the detail of all specimens. Note 
that wall DD-1.0-100 construction details were the same as for wall DD-1.0-20. 
Therefore, the details were not repeated. Vertical reinforcement in SS-1.0-20 and DS-1.0-
20 specimens consisted of 1#6 (D19) and 2#4 (D13), respectively as shown in Figure 4.2b 
and d. Wall DDJ-1.0-20 has the same vertical and horizontal steel as wall DD-1.0-20 with 
the addition of ladder-type joint reinforcement every other course as shown in Figure 
4.2f. All specimens had vertical reinforcement ratio of approximately 0.1% of the net 
cross section area. However, horizontal reinforcement ratios of SS-1.0-20, DD-1.0-20 and 
DD-J-1.0-20 walls were equal to 0.08%, 0.08% and 0.1%, respectively. This difference in 
the horizontal steel ratio is mainly due to presence of joint reinforcement in wall DDJ-1.0-
20. The vertical reinforcement in SS-0.67-20 and DD-0.67-20 specimens consisted of 1 #6 
(D19) steel bar and 2 #4 (D13) steel bars, respectively as shown in Figure 4.2a and c. Wall 
DD-J-0.67-20 has the same vertical steel as for wall DD-0.67-20. However, the horizontal 
steel consisted of one steel bar in bond beams with the addition of ladder-type joint 
reinforcement every course as shown in Figure 4.2e. SS-0.67-20, DD-0.67-20 and DDJ-
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0.67-20 specimens have a vertical steel ratio of approximately 0.103%, 0.094% and 
0.094% of the net area, respectively. Horizontal steel ratio of SS-0.67-20, DD-0.67-20 and 
DDJ-0.67-20 walls were equal to 0.072%, 0.073%, and 0.069%, respectively. This 
difference in the horizontal steel ratio is due to presence of joint reinforcement in wall 
DDJ-0.67-20 instead of steel bars in bond beams. Net area of walls was calculated based 
on the hollow section by considering the mortar face shells, webs and area of grouted 
cells. It worth mentioning that these walls are considered the largest PG masonry shear 
walls ever tested and reported in the literature.  
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                      (a) SS-1.0-20                                                             (b) SS-0.67-20          
          
                        (c) DD-1.0-20                                                          (d) DD-0.67-20 
                   
                       (e) DDJ-1.0-20                                                        (f) DDJ-0.67-20 
Figure 4.2 Wall specimens and reinforcement configurations  
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4.5 Wall Construction 
Various parts related to wall construction such as material preparation for mortar 
and grout, cutting blocks, making hole in some of the blocks for attaching the load beam 
to the wall at top, epoxy vertical rebar and also different details of all specimens’ 
construction are discussed in this section.  
 
Portland cement lime (PCL) mortar type S according ASTM C270 ingredient 
proportion, as shown in Table 4.2 for each mix, with an average 28 days compressive 
strength of 1.9 ksi (3 MPa) meeting ASTM C109 was used. Coarse grout according to 
standard specification for grout for masonry ASTM C 476 with an average net 
compressive strength of 3.3 ksi (23 MPa) meeting ASTM 1019 was used (see Table 4.2). 
Grout slump of 9.8 in. (250 mm) was used.  
 
Table 4.2. Mortar and grout proportions 
No. Material Code 
Mortar 
Weight/Batch, 
lb (Kg) 
Grout 
Weight/Batch, lb 
(Kg) 
1 Fine Sand ASTM C 144-11 92 (42)  - 
2 Coarse Sand ASTM C 404-11 - 64.6 (29.3) 
3 Gravel ASTM C 404-11 - 50 (22.7)  
4 Lime - 5.3 (2.4)  - 
5 Portland Cement ASTM C 150-15 24 (11)  25.3 (11.5)  
6 Water - As needed 16.5 (7.5)  
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Although large amounts of materials for constructing the walls were needed, 
mortar and grout were mixed in-house (see Figure 4.3). Because of wall height, a forklift 
was used to carry and pass the material to the masons.  
   
 
Figure 4.3. Grout and mortar preparation, unit cutting and material delivery 
 
Because of the specific shape of the setup, there were some extra works to prepare 
units at the top bond beam level. Units with side holes were needed for attaching the 
load beam to the wall. Figure 4.4 shows the cutting and details of these units. Also, as 
mentioned before, rebars were placed in the foundation using epoxy. There was a 
problem laying the masonry units in the location of single vertical reinforcing rods. 
Hence, different kind of units where cut and prepared for these locations. As shown in 
Figure 4.4, two and one hole regular and bond beam units were cut and placed in these 
locations. 
 
78 
 
 
  
 
Figure 4.4. One and two reinforcing cells 
 
Since it was necessary to reuse threaded rods for the foundation beam, all of them 
were covered with P.V.C tube. In addition, fine sand around the rods and top of the 
concrete beam was poured because of high amount of waste mortar and grout. Some of 
the top course units were perforated and paper tubes placed in their holes in order to 
prepare them for attaching the loading beams using rods (Figure 4.5). As can be seen 
from Figure 4.6, vertical reinforcing steel rods were embedded into the foundation by 
254 mm depth. Epoxy Hilty 500 MC was used to stick the rebars. 
  
 
Figure 4.5. Side hole through top bond beam unit for threading rods and PVC tube 
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Figure 4.6. Epoxy vertical reinforcement into foundation 
 
Figure 4.7 shows the pouring and vibrating grout into the cells, also it is 
representing the wet surface after poring and vibrating the grout into the vertical cells. 
This wet surface is a proof that grout had enough amount of slump. 
 
   
 
Figure 4.7. Pouring grout and vibration, wet surface of grouted column 
 
Some of construction details such as horizontal and vertical hooks, grout stopper, 
and joint reinforcement are presented in Figure 4.8 and 4.9. 
 
10 in. (254 mm) 
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Figure 4.8. Horizontal rebar and first course bond beam, grout stopper below bond beam 
 
 
   
 
Figure 4.9. Joint reinforcement details, reinforcement hook at the top bond beam 
 
Figure 4.10 shows details of wall construction such as the horizontal and vertical 
hooks, joint reinforcement and connection between the wall and the loading beam. All 
details were duplicated for the first four test specimens. 
 
 
 
  
  (a) Horizontal bar with 180            (b) Vertical bar with 90              (c) Ladder-type         
        degrees hook                                    degrees hook                              reinforcement 
Figure 4.10 Construction details 
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Figure 4.11 shows the first PG masonry wall specimen tested at University of 
Minnesota. The blue lines denote steel reinforcement, the brown highlighting grouted 
cells, and the orange line denotes the division between the two non-consecutive days of 
construction. The first, tenth, nineteenth twentieth, and twenty-first courses are referred 
to as bond beams, because they were constructed with open end masonry blocks and 
contained horizontal reinforcement embedded in grout. Note that in Figure 4.11, the top 
two bond beam courses (twentieth and twenty-first) are not considered part of the PG 
masonry specimen, but exist to allow two steel angles to be bolted through the top of the 
wall. The steel angles are a critical part of the loading system, as they receive the cyclic 
quasi-static load from the actuators as well as support the loading block that rested on 
top of the wall. To add to the detail of Figure 4.11, all the vertical reinforced cells 
contained #6 (D19) bars with a 90 degree bend at the top, the three horizontal bottom 
bond beams contained #6 (D19) bars with a 180 degree hooked ends, and the top two 
bond beams contained #4 (D13) bars.  
 
 
 
Figure 4.11. SS-0.67-20 wall after the first day of construction 
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4.6 Test setups 
4.6.1 Drexel University test setup 
A horizontal actuator at the top and two vertical actuators at the two sides 
transferred the horizontal and vertical load, through two stiff channel beams (called 
loading beam herein) which were post-tensioned to the wall, see Figure 4.12. The 
boundary conditions of the three walls tested at Drexel University were considered as a 
cantilever with the inflection point at the top of the walls with an aspect ratio (H/L) of 
1.0. The two vertical actuators were programmed to impose axial compressive stress 
without any resistance against wall rotation at top (i.e. when the horizontal actuator is 
pushing the wall, right side actuator arm becomes shorter and left side actuator becomes 
longer without altering the applied force). To prevent the wall from moving out-of-plane, 
the test specimen was restrained with hinged out-of-plane supports at the top. Also, two 
additional courses were built above the target height of the wall to provide enough 
development length of the vertical rebars, and also properly transferring the horizontal 
load to the wall. This configuration along with the pre-stress loading beam was used to 
simulate the connection of floor diaphragm to the bearing masonry wall. Walls were 
tested under 20 psi (0.14 MPa) and 100 psi (0.7 MPa) axial compressive stress (using net 
cross sectional area as defined before) to simulate gravity loads of one and five story 
building, respectively.  
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Figure 4.12 Test setup 
 
The test setup for constructing and testing the masonry walls was designed and 
fabricated in-house. Based on pre-analysis of the walls, the setup components were 
designed to carry and transfer 300 kips (1,335 kN) shear force and 100 kips (445 kN) axial 
loads. The setup included two 8x4x2 ft (2.4x1.2x0.6 m) (length, width, height) foundation 
blocks (called footing herein) next to each other and 14x3x1 ft (4.3x0.9x0.3 m) 
foundation beam (called concrete beam herein) that was tighted down and post 
tensioned to the strong floor (see Figure 4.13). The setup also included two H shape steel 
columns under the vertical actuators sitting on foundation blocks, two steel channel as 
load beam connected to the horizontal and vertical actuators, out-of-plane support and 
another external long column standing out of setup just to hold the LVDT’s (Linear 
Variable Differential Transformers) sensors to record the horizontal displacement of 
Horizontal 
Reinforcement 
Vertical 
Reinforcement 
 Tiedowns 
     Strong Wall and Floor 
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specimens. The final setup is shown in Figure 4.13 (A random speckle pattern was applied 
on the front of the wall using spray paint for conducting digital image correlation, DIC, 
therefore the masonry pattern cannot be observed in the front of the wall). 
. 
 
 
Figure 4.13. Final test setup 
 
4.6.1.1 Wall foundation 
Foundation assembled by two composite parts; footing and concrete beam. Footing 
was reused from previous study (Minaie 2010) and also each concrete beam were 
designed and built to be used for two consequent walls. Therefore, overall, three 
concrete beams were cast in-place without considering wall vertical bars. All vertical 
reinforcement of walls were anchored into the concrete beam using high strength epoxy 
with development length of 23 in. (280 mm). Figure 4.14 shows the footing and concrete 
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beam tied down to the hard floor using high strength threaded rods. Concrete beam 
reinforcement detail and its form before pouring concrete is depicted in Figure 4.15. 
 
 
Figure 4.14. Foundation 
 
  
 
Figure 4.15. Concrete beam reinforcement 
 
4.6.1.2 Steel fabrication 
To install actuators into final setup, different base plates steel columns, channels 
and also connections were designed and fabricated in-house (see Figures 4.8 and 4.9). 
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Figure 4.16. Steel work for column and base plates 
 
5.6 ft (1.7 m) 
 
 
6.6 ft  
(2 m) 
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Figure 4.17. Steel fabrication of the loading beam 
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4.6.1.3 Wall out-of-plane support 
To prevent the walls from moving out-of-plane, the walls were restrained with 
hinged out-of-plane supports at the top. Two stiff beams were mounted at the level of 
load beam on top of wall and these steel beams were connected to the load beam with 
tow angles by using sliding connection as can be seen from Figure 4.18. 
 
.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18. Details for preventing out-of-plane movement 
 
4.6.1.4 Concrete beam post-tensioning 
Because the concrete beam and footing were fabricated separately and in order to 
prevent any sliding or vertical displacement at the base during testing, it was necessary 
to tie them down with post-tensioning the threaded rods. Therefore, all the rods used to 
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tight concrete beam to the footing and the footing to the hard floor were post tensioned 
by applying a load up to half of the yield load of the rods. For applying the load, two 
hydraulic jacks were used and also thick U shape steel was fabricated in-house to transfer 
the load into the rods. Details of post tensioning process are depicted in Figure 4.19. 
. 
    
 
Figure 4.19. Post tensioning process 
 
4.6.2 University of Minnesota test setup 
All the four walls tested at the University of Minnesota utilized the same loading 
frame, foundation blocks, and loading block to save time, resources, and space. This 
allowed only a single wall to be tested at a time. Figure 4.20 shows a side view of the 
steel load frame, concrete foundation blocks, concrete loading block, and one of the two 
hydraulic actuators, that provided the cyclic quasi-static load to the top of the wall. The 
wall measures approximately 19 ft (5.7 m) long, 13 ft (3.9 m) high, and 0.65 ft (0.2 m) 
thick. 
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A sketch of the setup is shown in Figure 4.20. Based on pre-analysis of walls, the 
setup components were designed to carry and transfer 200 kips (900 kN) lateral shear 
force and 20 kips (90 kN) axial load. The setup included 21x7x2 ft (6.5x2x0.5 m) 
foundation beam (called concrete beam herein) that was tighted down and post 
tensioned to the strong floor (see Figure 4.20). The setup also included two H shape steel 
columns under the vertical actuators that sit on the foundation blocks, two steel channel 
as load beam connected to the horizontal and vertical actuators, out-of-plane support 
and another external long column standing out of the setup to hold the LVDTs (Linear 
Variable Differential Transformers) sensor to record the horizontal displacement of 
specimens. 
 
 
                                   Figure 4.20 Shear panel testing setup 
 
 
110 kips (489 kN) Actuator 
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Figure 4.21 shows a front and side views of the steel load frame, concrete 
foundation blocks, concrete loading block, and one of the two hydraulic actuators, that 
provided the cyclic quasi-static load to the top of the wall. 
  
  
 
Figure 4.21. Test setup and instrumentation 
 
Setup included 21x7x2 ft (6.5x2x0.5 m) foundation beam that was tight down and 
post tensioned to the strong floor, a concrete block on top of the wall to simulate the 
axial load, two steel channel as load beam connected to a horizontal actuator, out-of-
plane support and another external long column standing out of the setup to hold the 
LVDT (linear variable differential transformers) sensors to record the horizontal 
displacement of the test specimen. The three walls underwent quasi-static cyclic loads 
through the use of two actuators; one on either side of the loading beam at the top of 
the wall. The actuators were mounted to plates that were welded to steel angles running 
along the length of the wall.  These angles were then connected to the wall through ten 
threaded rods running through the top course of the wall. These rods were then post-
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tensioned to create a friction connection between the wall and the two angles. This was 
done to ensure that the actuators distributed the load throughout the length of the wall. 
The actuators were loaded through a steel loading frame, consisting of two columns, two 
braces, and a loading beam. A vertical stress of 20 psi (0.14 MPa) was applied through a 
large reinforced concrete block placed on top of the wall. A layer of mortar was placed on 
top of the wall to ensure a continuous connection between the reinforced concrete block 
and the wall. The blocks were also attached to the angles at the top of the wall though 
threaded rods running through the blocks and the angles. The foundation block was 
mounted to the strong floor through twelve post tensioned threaded rods. 
 
4.6.2.1 Foundation block construction and installation 
Before the construction of the masonry walls, a concrete foundation was built. The 
foundation was made from two typical steel reinforced concrete blocks, that were cast 
separately to allow the nearly 14 kips (62 kN) blocks to be placed three stories below 
using the laboratory’s overhead crane. The casting of the concrete foundation blocks 
involved the construction of reinforcement cages and erection of steel formwork, as 
shown in Figure 4.22. To mount the foundation block to the strong floor a slip critical 
connection was used to ensure no sliding between the two surfaces. The large normal 
force necessary for the slip critical connection came from the weight of the foundation 
blocks and the masonry panel, and the post tensioning of the foundation blocks to the 
laboratory’s floor. In addition to increasing the normal force, the post-tensioned bolts 
also acted as a safety precaution, because, if sliding should occur, the 1.5 in. (38 mm) 
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diameter threaded rod passed through thirteen connections providing ample bearing 
capacity to secure the foundations. To be able to pour the grout and pass the threaded 
rods vertically through the foundation blocks, holes were created using PVC pipe and tied 
into the reinforcement as shown below in Figure 4.22. 
 
 
Figure 4.22. Placement of steel reinforcement cage inside of the erected formwork, 
Foundation block showing vertical through holes and starter bars 
 
To anchor the wall to the foundation, each block contained two cast-in-place starter 
bars, as can be seen in Figure 4.22, protruding from the steel reinforcement cage in the 
foreground and protruding from the finished concrete (see Figure 4.23). For the latter 
two shear panels, the cast in-place starter bars were torched off and new holes were 
drilled into the foundations, and new starter bars epoxied into the concrete to 
demonstrate another typical construction practice and allow the blocks to be reused. The 
finishing process included a smoothing of the concrete’s surface followed by a roughing 
technique to ensure proper adhesion and minimal sliding between the first masonry 
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course and the foundation’s surface. Figure 4.23 shows the finished surface of one of the 
foundation blocks. 
 
 
 
Figure 4.23. Roughing technique used to finish the concrete foundation blocks, 
foundation blocks being set into place with bolt heads and starter bars shown 
 
After the relocation and final placement of the two foundation blocks, the blocks 
were grouted to the laboratory’s strong floor. Figure 4.23 shows a picture of the 
foundation blocks prepared to be set into place and then grouted with eight of the 
thirteen bolt heads shown. The grout, in addition to adding a greater coefficient of 
friction, levels the laboratory floor distributing the frictional force evenly beneath the 
concrete block. The blocks were placed on 0.4 in. (9.5 mm) wooden spacers and all holes 
in the floor not containing a threaded rod was covered with duct tape, to ensure no 
leakages into the crawl space under the strong floor. Fast setting grout, Ultracal 30, was 
mixed in five batches and poured through the vertical holes not containing threaded rod 
and from the exterior edge to ensure the void created by the spacers was uniformly 
filled. Figure 4.24 shows a picture of the edge of the foundation blocks after the grout 
95 
 
 
was poured. After the grout set, the forms were removed and the threaded rod 
connections were torqued down to create the post-tensioned connection between the 
block, grout, and strong floor. With the foundation blocks set, the masonry panel was 
ready to be erected. 
         
 
 
Figure 4.24. Foundation block edge after grout was poured, Contractor placing a course 
of masonry 
 
4.7 Instrumentation 
Figure 4.25 depicts instrumentation used to measure flexural and shear 
deformation of the test specimens. Linear Variable Differential Transformers (LVDT, 
Schaevitz DC-SE 4000) and strain-gage based displacement transducers (TML, CDP-25) 
were used to measure wall deformations and displacements using OPTIM data 
acquisition system. Three load cells were used to measure the applied horizontal and 
vertical loads. Load cells and LVDT’s within the actuator measured the load applied and 
distance traveled by each of the actuators. TML’s were arranged in diagonal patterns 
across the hollow portions of the wall to measure strains in the masonry. Additional 
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TML’s measured sliding at the base of the wall, in addition to rotation of the wall. An 
LVDT as well as a string pot, located on opposite sides at the top of the wall, were used to 
measure the drift of the wall. Additionally, a string pot was used to measure any 
movement in the beam in the loading frame. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.25 Instrumentation and test procedure 
 
4.8 Test procedure 
Test was conducted under quasi-static displacement control and loading rate of 
0.03 in./min (0.7 mm/min). Reversed displacement cycles (Figure 4.26) were applied at 
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the top of walls to reach to defined drift index by ATC 2000 (FEMA 356). Also, two cycles 
at each drift level were imposed. Input displacement history and different limit states 
[Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP)], are showed in 
Figure 4.26. 
 
 
 
Figure 4.26 Displacement time history and Input drift index 
 
4.9 Data acquisition system 
The OPTIM Electronics Megadac 3415 AC (DAC) (OPTIM MANUAL), used to record 
the data monitored by instruments, is a very rugged and reliable data acquisition unit 
(see Figure 4.27). It utilizes a chassis and removable card system for data acquisition. 
Cards model 808FB1, full bridge cards, were used for all gages. Each card accommodates 
8 channels of data. The OPTIM uses a 16 bit Analog to Digital converter to convert the 
analog signal to a digital signal. The OPTIM can sample data as high as 250,000 samples 
per second. However, the sampling rate was reduced based on the number of channels 
to be measured due to multiplexing. For the tests, the data acquisition was set to sample 
2 Hz. 
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Figure 4.27 Data acquisition system 
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5 EXPERIMENTAL RESULTS AND DISCUSSION 
 
This chapter is mainly dealing with the experimental results of PG walls and also 
discussing the effect of such system on seismic performance of PG masonry walls. Shear 
strength, stiffness and ductility play an important role in design procedure of masonry 
shear walls that can be derived from load displacement curves. These parameters are 
investigated for all specimens in addition to crack propagation, crack pattern and failure 
mode of the walls at the end of the tests. Additional experimental data, using traditional 
strain gauges and DIC, for analyzing the behavior of all test walls are provided in 
appendixes A and B.  
 
5.1 Crack patterns and failure modes 
Figure 5.1, 5.2 and 5.3 show the crack propagation and final crack patterns of the 
walls at different limit states (IO, LS and CP). It is to be noted that two cycles of each drift 
were applied, therefore, all crack patterns referenced are those related to the second 
cycles in combination to all previous formed cracks.  
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                      IO                                                    LS                                                      CP 
(a) SS-1.0-20 wall 
 
 
 
 
 
                     IO                                                       LS                                                     CP 
(b) DD-1.0-20 wall 
 
 
 
 
 
                    IO                                                       LS                                                      CP 
(c) DDJ-1.0-20 wall 
 
 
 
 
 
 
 
 
                    IO                                                      LS                                                      CP 
(d) DD-1.0-100 wall 
Figure 5.1 Crack propagation of wall test specimens 
101 
 
 
      
                          IO                                               LS                                                 CP 
(e) SS-0.67-20 wall 
 
 
                       IO                                                  LS                                                 CP 
(f) DD-0.67-20 wall 
 
 
                       IO                                                  LS                                                 CP 
(g) DSJ-0.67-20 wall 
Figure 5.2 Crack propagation (continued) 
 
All specimens approximately displayed the same elastic behavior up to 0.05% drift 
and a load of about 25 kips (113 kN). No visible cracks occurred at this drift level. A few 
flexural bed and head joint cracks appeared at 0.2% drift, in all specimens irregularly 
across the walls. Additionally, diagonal zigzag de-bonding joint cracks developed in the 
hollow (ungrouted) portions of the walls and diagonal cracks were observed at the 
bottom and top parts simultaneously at roughly 0.3% drift for all specimens. This type of 
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crack is similar to what was observed in the hollow diagonal tension assemblages. It can 
be described that principal tensile stresses developed perpendicular to the compressed 
diagonal of the panels. Diagonal cracks propagated in a step pattern due to weak mortar 
bond the bed and head joints. 
 
The number of cracks initiated in the ungrouted masonry and then propagated into 
the grouted cells in the wall SS-1.0-20 and SS-0.67-20 are significantly more than DD-1.0-
20, DD-0.67-20 and DSJ-0.67-20 walls. In general, cracks in the specimen designed based 
on conventional MSJC (2013) code, SS-1.0-20 and SS-0.67-20, are wider than other DD 
specimens. Test observation also showed that distribution of vertical cracks in the 
vertically grouted cells was only limited to walls SS-1.0-20 and SS-0.67-20, as can be seen 
from Figure 5.1. Although face-shell of masonry unit at the toe of wall DD-0.67-20 spalled 
at the very last cycle, severe toe crushing observed in the SS specimens. Toe crushing did 
not occurred in walls DD-0.67-20 and DSJ-0.67-20. Step cracks constituted the majority of 
walls SS-1.0-20 and SS-0.67-20 cracks. However, a combination of flexural cracks, 
horizontal cracks, and step cracks existed in walls DD-1.0-20 and DD-0.67-20. Surprisingly, 
step cracks disappeared in wall DSJ-0.67-20 and most of the cracks presented in this 
specimen were horizontal cracks. Additionally, many vertical cracks occurred at the head 
joints in this specimen. 
 
Step cracks that are a sign of diagonal tension failure can be found almost across 
the SS specimen and these cracks systematically were controlling the performance of the 
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specimen. Walls SS-1.0-20 and SS-0.67-20 failed in a shear mode and lateral load 
dropped significantly after reaching the peak. The main reason of this drop can be 
assigned to the wide 45 crack that took place at the peak load initiating at both corners 
of the wall. 
 
 
 
 
 
                                             SS-1.0-20 wall                    DD-1.0-20 wall 
  
 
 
 
 
                                           DDJ-1.0-20 wall                   DD-1.0-100 wall 
         
                    SS-0.67-20 wall                      DD-0.67-20 wall                       DSJ-0.67-20 wall 
Figure 5.3 Final crack patterns of test specimens 
 
Both DD-0.67-20 and DSJ-0.67-20 walls exhibited ductile shear dominated failure. 
Although many horizontal cracks were observed between joints, no sign of bar yielding 
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observed at the toe regions and both walls were failed in shear mode. However, due to 
enhanced configuration, higher deformation capacity was achieved before failure. The 
distribution of cracks in wall DDJ-1.0-20 and DSJ-0.67-20 were significantly higher than 
walls DD-1.0-20 and DD-0.67-20, particularly at the top parts of the wall. This 
demonstrated that joint reinforcement was effective and instead of forming step cracks 
flexural cracks took in place. Cracks were distributed uniformly in order of size and 
amount in DDJ-1.0-20 and DSJ-0.67-20 specimens. 
 
However, this was not the case in SS-0.67-20 and DD-0.67-20 walls. Although, many 
horizontal cracks generated at the bottom part of wall DD-0.67-20, only few step cracks 
were formed at the top of the specimen. Since the shear is constant at all cross sections 
of the wall, this can be attributed to higher overturning moment at the lower sections of 
the wall. The size and number of cracks at LS limit state in SS-1.0-20 and SS-0.67-20 walls 
are extensively larger than other walls. Additionally, at CP limit state it can be seen that 
SS-1.0-20 and SS-0.67-20 wall suffered much more cracking than DD-1.0-20, DDJ-1.0-20, 
DD-0.67-20 and DSJ-0.67-20 walls. Since SS-1.0-20 and SS-0.67-20 walls failed before 
reaching the CP limit, they did not meet the safety requirement prescribed in the FEMA 
356 code.  
 
As testing continued, crack propagation and crack growth in the walls started to 
become different. For instance, more diagonal cracks in wall SS-1.0-20 and horizontal 
cracks in wall DD-1.0-20 developed at the bottom panels because of higher shear and 
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flexural stresses, respectively. Therefore, as shown in Figure 5.3, the general crack 
patterns of the walls were not similar, for the higher drifts as discussed below. 
  
SS-1.0-20 wall- In wall SS-1.0-20 only few new cracks appeared at the toes at 0.45% 
drift and width of previous cracks enlarged. By reaching to a lateral drift of 0.6%, vertical 
splitting cracks and toe crushing were observed. The size of step cracks enlarged and 
developed through the full diagonal length by passing the bond beam and the grouted 
cells. Vanin and Foraboschi (2013) showed that under these circumstances piers remain 
connected only by beams at the middle and top of the wall. As a result of propagating 
these diagonal cracks in the hollow portions, strength and stiffness degraded quickly and 
as a results the wall exhibited a shear failure mode. Similarly, shear failure mechanism 
abruptly occurred in wall SS-1.0-20 due to low stiffness and weak strength of these 
elements. However, load dropped gradually in wall DD-1.0-20 as beams and piers were 
strong enough to carry the load before the failure which will be more discussed below. 
 
DD-1.0-20 wall- Few bed joint cracks close to the middle bound beam occurred in 
wall DD-1.0-20 at 0.45% drift. By continuing the test at drift level of 0.6% and 0.75%, a 
number of head and bed joint cracks were formed in the hollow panels and cracks 
extended into the grouted cells. Splitting cracks and toe crushing were not observed up 
to this point and most of the cracks occurred at the inferior hollow panels. The last cycle 
was applied at drift level of 1% and 45 degree cracks were observed near the wall’s toe. 
The test was stopped after this point because of safety issues.  
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DDJ-1.0-20 wall- Crack propagation at the early cycles in wall DDJ-1.0-20 was the 
same as for wall DD-1.0-20. However, the amount of cracks appearing in the hollow 
panels of the wall was significantly more than other walls. Joint reinforcement resulted in 
more crack distribution while the crack width was less. Joint reinforcement only 
improved the crack size without any strength enhancement for walls with flexural failure 
mode. For the walls without joint reinforcement, after diagonal cracks formed by 
increasing the lateral displacement, the existed cracks opened extensively and the rest of 
the hollow panels remained sound. Distributed joint reinforcement across the wall height 
enabled the distribution of stress in the hollow panels. Consequently, the initial cracks 
under increasing lateral displacement did not open significantly and new set of cracks 
spread at the wall height. Therefore, as Figure 5.3 shows, the number of cracks in the 
hollow panels of wall DDJ-1.0-20 with joint reinforcement was clearly more than other 
walls without joint reinforcement. 
 
DD-1.0-100 wall- At 0.45% drift, few existing cracks began to grow. The number of 
cracks was almost the same. However, the width of cracks gets larger. At 0.6% drift, wide 
45 degree crack formed at the left toe and masonry spalling was observed at bottom part 
of the wall. Due to high amount of axial stress, it was predicted that face shell of masonry 
units at the bottom experienced spalling. Wall DD-1.0-100 experienced more horizontal 
bed joints cracks and also less bed joints sliding, because of higher frictional resistance 
due to higher axial stress. 
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SS-0.67-20 wall- As displacement increased at the top of the wall, the amount of 
diagonal cracks increased extensively. The crack pattern of the wall was very similar to 
that of SS-1.0-20 wall. Toe crushing was occurred in this specimen simultaneously with 
lateral load dropping. New cracks appeared at toes (at 0.45% drift) and width of existing 
cracks enlarged. When reaching lateral drift of 0.6%, vertical splitting cracks and toe 
crushing were observed. The size of step cracks enlarged and developed through the full 
diagonal length passing the bond beam and the vertical grouted cells. The last cycle was 
applied at a drift level of 0.6% and the test was stopped after this point because of safety 
issues. 
 
DD-0.67-20 wall- By continuing the test at a drift level of 0.45%, few bed joint cracks 
close to the middle bound beam occurred in this wall. At a drift level of 0.6%, a long 
diagonal crack formed at the top middle hollow panels and continued all the way up to 
the toe of the wall and it extended into the grouted cells. Splitting cracks and toe 
crushing were observed only in the right side of the wall at this point and most of the 
diagonal cracks occurred at the left and right sides of the hollow panels. Only horizontal 
cracks were occurred at the head and bed joints of the middle hollow panels. The last 
cycle was applied at a drift level of 1% and 45 degree cracks were observed on both toes. 
 
DSJ-0.67-20 wall- This wall experienced the largest displacement compared with 
other specimens reaching 1.3% drift. This is double of what SS-1.0-20 and SS-0.67-20 
experienced. The amount of cracks appearing on the hollow panels of the DSJ-0.67-20 
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wall was almost the same as DDJ-1.0-20 and both were significantly more than other 
walls. The distribution of cracks in wall DSJ-0.67-20 was significantly higher than wall DD-
0.67-20, particularly at the top part of the wall. This behavior demonstrates that joint 
reinforcement can be effective in controlling diagonal cracks. Cracks are distributed 
uniformly in the order of size and amount in DSJ-0.67-20 specimen. 
 
Joint reinforcement resulted in more crack distribution with smaller crack width and 
no 45 degree cracks were observed at the toes. Although detail of DSJ-0.67-20 was 
somehow different from DDJ-1.0-20, mechanism of crack propagation was the same. 
Distributed joint reinforcement across the wall height enabled the distribution of stress in 
the hollow panels. Consequently, the initial cracks under increasing lateral displacement 
did not open significantly and new set of cracks spread along the wall’s height. Therefore, 
as Figure 5.3 shows, the number of cracks in the hollow panels of wall DDJ-1.0-20 is 
clearly more than other walls. 
 
Four PG shear walls designed under current masonry code were tested by Minaie et 
al. (2010). Results demonstrated that walls designed by conventional method have a 
poor seismic performance by showing the shear mode failure. Comparably, the same 
performance was observed in SS-1.0-20 wall which was designed based on the current 
code. However, by grouting the neighbor cells in the wall DD-1.0-20, not only the 
strength of specimen increased but also the failure mode of the wall was changed as 
expected. In particular, the crack pattern reported is the same as what was found in the 
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current research. Foraboschi (2009) showed that this increase in the shear strength of 
the wall is mainly due to the level of coupling. This phenomenon can significantly change 
the response of the masonry wall when existing spandrel and piers are stiff enough. This 
is the case in the doubly grouted wall while in wall SS-1.0-20 the level of coupling is low 
due to very weak interaction between beams and cells and this connection cannot 
provide sufficient strength and deformation.   
 
Partially grouted walls with and without bed-joint reinforcement were tested in 
Schultz (1996) under in-plane loads. Results showed that as the level of horizontal 
reinforcement increases the ultimate shear strength slightly increases while it has a 
negligible effect on the stiffness. This was attributed to the cracks that formed between 
grouted and ungrouted cells. These cracks tended to grow and disturb the anchorage 
region of horizontal reinforcement where these bars intersected the vertical cells. The 
same results of using joint reinforcement were obtained in this study. Although the 
horizontal steel ratio in wall DDJ-1.0-20 was almost 20 percent higher than wall DD-1.0-
20, joint reinforcement did not improve the strength and deformation capacity of PG 
reinforced (double cells reinforcing) shear walls at the ultimate-limit state. However, joint 
reinforcement resulted in controlling the crack width at the serviceability limit-state. 
 
5.2 Load-displacement curves 
Figure 5.4 shows the top lateral force-lateral displacement of all specimens. Sliding 
displacements at the bottom of specimens were subtracted from these curves. SS-1.0-20, 
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DD-1.0-100 and SS-0.67-20 walls exhibited a brittle shear mode failure as evident from 
the drastic post-peak strength degradation of the hysteresis loops while DD-0.67-20 and 
DSJ-0.67-20 showed a higher deformation capacity. Additionally, DD-1.0-20 and DDJ-1.0-
20 walls exhibited a ductile shear failure mode.  
 
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-100
-75
-50
-25
0
25
50
75
100
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-445
-334
-222
-111
0
111
222
334
445
 L
oa
d 
(k
N
)
 Lateral drift index (%)
Lo
ad
 (
ki
ps
)
Lateral drift index (%)
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-100
-75
-50
-25
0
25
50
75
100
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-445
-334
-222
-111
0
111
222
334
445
 Lateral drift index (%)
 L
oa
d 
(k
N
)
Lo
ad
 (
ki
ps
)
Lateral drift index (%)
 
                               (a) SS-1.0-20                                                      (b) DD-1.0-20 
  
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-100
-75
-50
-25
0
25
50
75
100
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-445
-334
-222
-111
0
111
222
334
445
 L
oa
d 
(k
N
)
 Lateral drift index (%)
Lo
ad
 (
ki
ps
)
Lateral drift index (%)
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-100
-75
-50
-25
0
25
50
75
100
-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20
-445
-334
-222
-111
0
111
222
334
445
 L
oa
d 
(k
N
)
 Lateral drift index (%)
Lo
ad
 (
ki
ps
)
Lateral drift index (%)
 
                              (c) DDJ-1.0-20                                                   (d) DD-1.0-100  
 
Figure 5.4 Lateral force displacement hysteresis loops 
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Figure 5.4 Lateral force displacement hysteresis loops (Continued) 
 
The rapid post-peak strength degradation of the SS-1.0-20 and SS-0.67-20 walls is 
the major drawback of conventional design detail that was overcame by using the 
proposed double reinforcing cells/bond beams in DD-1.0-20 and DDJ-1.0-20 walls. Wall 
SS-1.0-20 displayed a rocking behavior causing toe crushing whereas for wall DD-1.0-20, 
more horizontal cracks and sliding between the bottom courses were developed resulting 
in a more ductile behavior (see Figure 5.5).  
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Figure 5.5 Effect of doubly grouting the cells and bond beams 
 
Joint reinforcement prevented sudden drop in load as cracks developed. This is 
evident from smoother load-displacement curve (see Figure 5.6). Moreover, joint 
reinforcement at large deformation cycles showed a more desirable response (wider 
loops) in DDJ-1.0-20 compared to DD-1.0-20 wall. 
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Figure 5.6 Effect of joint reinforcement at every other courses (aspect ratio of 1.0) 
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As shown in Figure 5.7, the increase of axial stress resulted in a higher strength and 
a lower deformation capacity. Less bed joints sliding, because of higher frictional 
resistance due to higher axial stress, was apparent in wall DD-1.0-100 compared to wall 
DD-1.0-20. 
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Figure 5.7 Effect of axial load 
 
Test results showed that aspect ratio has a significant impact on wall behavior. 
Reducing the aspect ratio of single reinforced grouted cells/bond beams wall from 1.0 to 
0.67 resulted in an increase the shear strength by 380%. However, as expected, 
maximum displacement of the wall decreased significantly (see Figure 5.8). The same 
behavior was observed in doubly reinforced grouted cells/bond beams wall. Shear 
capacity increased significantly (by 251%), however, maximum displacement decreased.  
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Figure 5.8 Effect of aspect ratio 
 
Test results demonstrate that walls with single bond beam and double grouted cells 
configuration had nearly the same shear capacity as wall with double bond beams and 
double grouted cells. In addition, wall deformability increased significantly. As can be 
seen from Figure 5.9, shear strength and deformability of both modified configurations 
were enhanced compared with singly grouted configuration. 
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Figure 5.9 Envelope diagram for SS, DD and DSJ configuration  
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5.3 Wall stiffness 
The stiffness of SS-1.0-20 and DD-1.0-20, DDJ-1.0-20 and DD-1.0-100 walls at 1/3 
the ultimate load is 5, 7.4, 7.4 and 10 kip/ft (72.5, 108, 108 and 150 kN/m), respectively. 
This 60% increase in stiffness of DD-1.0-20 over SS-1.0-20 wall is mainly attributed to the 
increase in section area and moment of inertia due to increase in average wall cross 
sectional area and inertia with the additional grouted cells and bond beams. Effective 
rigidity based on ACI 318-11 code was also calculated and the stiffness of the single and 
double grouted walls were 14.3 and 15.5 kip/ft (209 and 227 kN/m), respectively.  Results 
showed that the code overestimates the stiffness of walls up to 2 to 3 times. This was 
expected since the equation is not applicable to PG masonry walls.  
 
The stiffness of SS-0.67-20 and DD-0.67-20 and DSJ-0.67-20 walls at 1/3 the 
ultimate load is 24, 26 and 27 kip/ft (358.1 kN/m, 376.8 kN/m and 384.4 kN/m), 
respectively. The significant increase in stiffness of doubly reinforced walls over the singly 
reinforced walls is mainly due to the increase in section area and moment of inertia. 
Additionally, distributing the ratio of steel in single cell compared with double cells, 
increases the primary stiffness and delays the crack propagation in the wall, as a result of 
couple reinforcement. As top displacement increased the reinforced cells and the 
courses of the walls deformed through a frame action and the hollow panels acted as an 
infill. The panel stiffness degradation caused by cracks in doubly reinforced walls was less 
than singly reinforced walls as the tensile stresses due to shear forces can be adequately 
transferred across the diagonal cracks. Due to higher strength and deformability of the 
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grouted cells in DD-1.0-20 and DDJ-1.0-20 walls, the load redistributed into the hollow 
panels and new set of cracks occurred across the wall. However, because of weak 
interaction between the hollow panels and the frame in singly reinforced walls, major 
part of the existing load-carrying at the toe of the wall and dropped the shear strength of 
the wall significantly.  
 
In the elastic part, DD-1.0-20, DDJ-1.0-20, DD-0.67-20, and DSJ-0.67-20 walls 
showed better performance in comparison to singly reinforced walls. By increasing 
displacement, reinforced cells and bond beam courses in DD walls deformed through a 
frame action and the hollow panels acted as an infill. The panel stiffness degradation 
caused by cracks in DD-1.0-20 wall was less than SS-1.0-20 wall as the tensile stresses due 
to the shear forces can be adequately transferred across the diagonal cracks. Due to 
higher strength and deformability of grouted cells in wall DD-1.0-20, load redistributed 
into the hollow panels and new set of cracks occurred across the wall. However, due to 
weak interaction between hollow panels and the frame, most part of the existed load in 
SS-1.0-20 wall was carried at the toe. This resulted in decreasing the stiffness of the wall 
significantly.  
 
In order to study the effect of single and double grouted cell configurations on the 
stiffness of the wall, a simple linear model was also developed. Although the specific 
behavior of masonry components is not considered in the linear analysis, it can well 
predict the behavior of masonry, Foraboschi and Vanin (2013). Therefore, linear elastic 
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analysis of equivalent infilled frame with diagonal hollow masonry compression struts 
was performed assuming pin connections for wall SS-1.0-20 (Figure 5.10a) and rigid 
connection for wall DD-1.0-20 (Figure 5.10b).  
 
The location of columns and beams was selected based on center line of grouted 
cells in both SS-1.0-20 and DD-1.0-20 walls. This Linear elastic analysis based on 
uncracked section properties revealed a 57% increase in stiffness of DD walls compared 
to SS wall. This is in close agreement with the experimental finding. The modules of 
elasticity of the hollow prisms tested in this study, 145 ksi (21 GPa), was used for the 
diagonal struts (hollow panels), beams and columns shown in Figure 5.11. The width of 
the diagonal struts was selected based on the New Zealand NZS-3101 code and the 
analysis was performed using SAP2000. Results demonstrate the ability of the grouted 
vertical cells/horizontal bond beams connection to carry moment resulting in a reduction 
of flexural deformation-lateral drift and consequently an increase in wall stiffness.  
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(a) Frame with pin connection (SS-1.0-20) 
 
 
 
 
b) Frame with rigid connection (DD-1.0-20) 
 
Figure 5.10 Stiffness analysis of walls using diagonal struts 
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5.4 Wall shear strength 
Table 5.1 presents a summary of recorded experimental results of the tested walls 
such as shear strength, stiffness and failure mode. Predicted shear strength of all 
specimens (Vn) using the following MSJC (2013) code shear expression (Eq.  5.1) were 
also calculated and shown in Table 5.1.                                                                                                                                                                                                                                                                
                                                                                                         
                                                                                                                                                  Eq.  5.1 
 
 
Note that in the above equation the coefficient 𝛾𝛾g is equal to 0.75 to account for 
the effect of partial grouting in reducing the shear strength as demonstrated in past 
research (Minaei 2010 and Davis et al. 2010). As shown, the code equation over-
estimates the shear strength of SS-1.0-20, DD-1.0-20, DDJ-1.0-0-20, DD-1.0-100, SS-0.67-
20, DD-0.67-20 and DSJ-0.67-20 walls by 88, 65, 65, 32, 78, 85 and 61%, respectively.  
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Table 5.1 Wall test results 
Wall ID. 
Peak load kips (kN) Vu Shear strength kips 
(kN) 
Vn (MSJC 2013) kips 
(kN) 
Stiffness kip/ft 
(kN/m) Positive Negative 
SS-1.0-20 39 (175) 37 (165) 39 (175) 71 (316) 5 (72.5) 
DD-1.0-20 45 (200) 51 (227) 51 (227) 82 (365) 7.4 (108) 
DDJ-1.0-20 45 (200) 47 (208) 47 (208) 82 (365) 7.4 (108) 
DD-1.0-100 70 (309) 66 (295) 70 (309) 92 (409) 10 (150) 
SS-0.67-20 80 (358) 74 (330) 80 (358) 144 (639) 24 (358) 
DD-0.67-20 71 (316) 85 (380) 85 (380) 157 (696) 26 (377) 
DSJ-0.67-20 87 (387) 85 (378) 87 (387) 139 (619) 27 (384) 
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The shear capacity of SS-1.0-20, DD-1.0-20, DDJ-1.0-20, DD-1.0-100, SS-0.67-20, 
DD-0.67-20 and DSJ-0.67-20 walls were 38, 50, 47, 70, 81, 84 and 86 kips (168, 221,208, 
309, 358, 377 and 384 kN), respectively. The shear strength increased by 34 for wall DD-
1.0-20 compared to SS-1.0-20 wall. As previously mentioned after the onset of severe 
cracks at the toe, SS-1.0-20 wall exhibited abrupt post-peak strength degradation. The 
tensile stress caused by the lateral shear force cannot be transferred appropriately across 
the diagonal cracks in SS-1.0-20 wall and cracks were extensively opened. The proposed 
double horizontal reinforcing cells delayed the propagation of diagonal shear cracks and 
enabled the distribution of stresses crosswise the entire wall after onsets of major 
diagonal cracks. Therefore, wall DD-1.0-20 showed a gradual post-peak strength 
degradation. This dramatic increase in wall capacity may be attributed to the ability of 
the connection between the grouted reinforced cells and the reinforced bond beam, in 
case of DD-1.0-20 wall, to carry moment (Figure 5.11). However, as showed in the 
idealized model, the connections in the SS-1.0-20 wall acting as a pin that cannot carry 
moment. 
 
 
 
 
 
Figure 5.11 Connection of vertical grouted cells and horizontal bond beams 
 
122 
 
 
These connections carry moment and system is more ductile, by increasing the 
number of plastic hinges in the structure due to growing stresses. This explanation 
assumes an infilled frame behavior at the ultimate limit state. In wall SS-1.0-20 before 
forming cracks at the edges, step diagonal shear cracks in the center of the hollow panels 
initialized. The size of cracks at the middle of the hollow panels increased as the lateral 
displacement increased. By increasing the lateral load, cracks initiate at the edge of the 
hollow panels close to the grouted cells. However, these cracks propagate in the grouted 
cells due to weak connection (using single bar in wall SS-1.0-20) between the lower beam 
and the vertical grouted cells. Therefore, coupling effect cannot be developed and a large 
portion of the load was transferred directly through the struts towards to the wall toes 
resulting in toe crushing at the edges.  
 
Conversely, cracks in the hollow panels of doubly grouted walls were initiated at the 
center and the edges of panel simultaneously. The same mechanism could occur in the 
doubly grouted walls, however, because of using two side-by-side steel rebars coupling 
becomes effective and the bond beams carried some parts of the load in wall DD-1.0-20.  
 
Increasing the axial stress in wall DD-1.0-100 increased the shear strength of wall as 
expected. Using joint reinforcement increased the amount of shear reinforcement in the 
DDJ-1.0-20 wall slightly. However, it did not affect the shear strength. Apparently, joint 
reinforcement was not engaged effectively since the wall exhibited a flexural mode of 
deformation. Although, using joint reinforcement did not enhance the wall seismic 
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performance, the size and number of cracks observed were visibly less than for 
specimens without joint reinforcement. However, in the DSJ-0.67-20, using joint 
reinforcement was effective when combined with single grouted bond beams. This 
behavior suggest the possible use of single bond beam with joint reinforcement if double 
reinforced bond beams is viewed to have construction difficulty. 
 
The effect of vertical and horizontal reinforcement distribution on the in-plane 
response of PG masonry shear walls was investigated in Ghanem (1992) and Ghanem et 
al. (1993). They concluded that the behavior and failure modes of PG masonry are 
strongly dependent on the distribution of reinforcement. Afterward, effects of different 
reinforcement quantities were tested in Voon and Ingham (2006). Walls were nominally 
reinforced with shear reinforcement only in the top two courses. Their results indicated 
that all specimens have bad performances in the cyclic load conditions by showing 
diagonal shear failure because of the lack of shear reinforcement. The same results were 
also reported in Nolph and ElGawady (2012). They found that the seismic behavior of PG 
walls with 3 ft (0.8 m) horizontal spacing between vertical reinforcement is much better 
than those with 4ft (1.2 m) (Nolph and ElGawady 2012). Reported results about the role 
of reinforcement on the performance of PG walls are in agreement with the current 
research findings which showed that using two grouted cells instead of one increases the 
shear of walls.  
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5.4.1 Wall displacement ductility 
The ability of a structure as a whole or a single structural element to undergo 
inelastic deformation beyond the peak without significant drop in post-peak stiffness and 
strength is defined as ductility. This desired characteristic dissipates energy stored in the 
structural element as a result of imposed load. Energy dissipation of a structure provides 
designers a means to reduce the designed lateral seismic load. There is no need any 
more to design a structure based on expected elastic seismic load in presence of 
sufficient ductility. Therefore, structure response factor or reduction factor can be 
employed to reduce the lateral seismic design forces and it accounts for energy 
dissipation capacity, over-strength of the structure and damping. Reserve strength and 
ductility of the structure improve the structure capacity to absorb and dissipate energy 
under earthquake loads. These two parameters are considered in the most design codes. 
(FEMA, ATC and UC). For calculating the wall ductility, load-displacement curve of all 
tested walls are plotted in Figure 5.12. Note that these curves represent the envelope of 
tested specimens’ hysteresis curves. 
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                               (a) SS-1.0-20                                                    (b) DD-1.0-20 
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                            (c) DDJ-1.0-20                                                     (d) DD-1.0-100 
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                              (e) SS-0.67-20                                                     (f) DD-0.67-20  
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Figure 5.12 load displacement envelope of hysteresis curves 
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0
11
22
33
44
55
66
77
88
99
0.00 6.35 12.70 19.05 25.40 31.75 38.10
0
49
98
147
196
245
294
343
391
440
 Displacement (mm)
Lo
ad
 (k
N
)
Lo
ad
 (k
ip
s)
Displacement (in)
 
     (g) DSJ-0.67-20  
 
Figure 5.12 load displacement envelope of hysteresis curves (continued) 
 
Displacement ductility of test walls is calculated as: 
𝜇𝜇𝑑𝑑 = 𝑑𝑑𝑢𝑢𝑑𝑑𝑦𝑦                                                                                                                                   Eq.  5.2 
 
where 𝑡𝑡𝑦𝑦 and 𝑡𝑡𝑢𝑢 are the deflection at the yield and end of post-peak points, 
respectively. In flexural dominant failure of a wall yielding of extreme fiber somehow 
coincides with the wall yielding point. However, there is a no a distinct and well-defined 
yielding point 𝑡𝑡𝑦𝑦, when it fails in shear. The idealized bilinear resistance envelope defined 
by Tomazevic (1999), elastic perfectly plastic curve is employed to evaluate the inelastic 
and elastic performance of walls. This approach is based on the equal energy dissipation 
of real and idealized curves. The ultimate idealized displacement, du is defined when 
post-peak strength degrades reaching to 80% of the peak load. The ultimate resistance, 
Fu in this method represents the idealized maximum experimental value and the average 
value of 0.9Fmax is considered based on Tomazevic (1999) suggestion. This approach was 
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implemented on the envelope diagram of each wall and the results are presented in 
Figure 5.13 and summarized in Table 5.2. The response factors (R) in terms of ductility 
are calculated based on equal energy concept (Paulay and Priestley 1992) defined as: 
𝑅𝑅 = �2𝜇𝜇𝑑𝑑 − 1                                                                                                                        Eq. 5.3 
 
Table 5.2 are also summarized the ductility results of walls, response factor (R) as a 
result of ductility were also calculated. 
 
Table 5.2 Displacement ductility and response (R) factor of walls 
Wall ID Fmax Fu 0.8Fmax du dy ductility R 
 
Kips  
(kN) 
in 
 (mm) 
  
SS-1.0-20 39 (175) 
35 
(156) 
31 
 (140) 
0.91  
(23) 
0.16 
 (4) 5.7 3.2 
DD-1.0-20 51  (227) 
45 
(202) 
41 
(181) 
1.32 
(33) 
0.08 
 (2) 16.5 5.7 
DDJ-1.0-20 47  (211) 
42 
(187) 
34  
(151) 
1.3  
(33) 
0.12  
(3) 10.8 4.6 
DD-1.0-100 70 (311) 
63 
(280) 
56 
 (249) 
0.85  
(22) 
0.20 
 (5) 4.2 2.7 
SS-0.67-20 80  (358) 
72 
(320) 
64 
(286) 
0.36  
(9) 
0.12 
 (3) 3.0 2.2 
DD-0.67-20 85  (380) 
76 
(338) 
68 
 (304) 
0.49 
 (12) 
0.09 
 (2) 5.4 3.1 
DSJ-0.67-20 87  (389) 
78 
(347) 
70 
 (309) 
1.25 
 (32) 
0.08  
(2) 15.6 5.5 
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(a) SS-1.0-20 wall                                     
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(b) DD-1.0-20 wall 
 
Figure 5.13 Load displacement envelopes 
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(c) DDJ-1.0-20 wall                       
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        (d) DD-1.0-100 wall     
 
Figure 5.13 Load displacement envelopes (continued) 
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(e) SS-0.67-20 wall 
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(f) DD-0.67-20 wall 
 
Figure 5.13 Load displacement envelopes (continued) 
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(g) DSJ-0.67-20 wall 
 
Figure 5.13 Load displacement envelopes (continued) 
 
Results showed that dy is almost the same for all the specimens. However, different 
configurations led to large difference in du. The double reinforcement detail resulted in a 
significant increase (43%) in du value compared with SS-1.0-20 and, consequently, the 
displacement ductility. DD-1.0-20 wall displayed much higher deformation capacity 
(demonstrated by higher displacement ductility) compared to SS-1.0-20 wall. Moreover, 
joint reinforcement did not enhance the displacement ductility of the DD-1.0-20 wall. As 
mentioned, displacement ductility of DD-1.0-20 wall increased by factor of 3 in 
comparison to wall SS-1.0-20 (see Table 5.2). Results observed in Nolph and ElGawady 
(2012) showed that increasing the size of single horizontal reinforcing bar from D16 to 
D19 neither significantly changed the initial stiffness nor the deformability. However, 
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doubling the horizontal reinforcing by using two D16 instead of one significantly 
increased the ultimate drift and slightly increases the shear strength of the specimen. 
These findings are in agreement with the current research results.  
 
5.5 Summary 
Experimental results from destructive tests of seven cantilevered full-scale masonry 
shear walls are presented in this chapter. The control walls were constructed using 
conventional single cell reinforcement and single bond beam (SS) detail with aspect ratios 
of 1.0 and 0.67, with the remaining five walls constructed using proposed double cell 
reinforcement and double bond beams (DD), and with the addition of joint reinforcement 
(DDJ). Two different level of axial load, 20 psi and 100 psi (0.14 MPa and 0.7 MPa) and 
two aspect ratios of 1.0 and 0.67 were used. To permit direct comparison, the total 
amount of reinforcement in different wall configurations was held nearly constant. The 
experimental results indicated that the proposed DD reinforcement detail significantly 
improved seismic performance of specimens compared with the conventional SS detail. 
Specifically, the DD-1.0-20 wall exhibited a 34% increase in shear capacity and 47% 
increase in displacement ductility compared to SS-1.0-20 wall. The DDJ-1.0-20 wall 
exhibited nearly identical performance as the DD-1.0-20 wall indicating that the addition 
of joint reinforcement at every other course for DD walls has a minimal influence on 
improving seismic performance. Wall DD-1.0-20 showed a higher deformation capacity 
compared to DD-1.0-100 wall. It is, therefore, concluded that increasing the axial load 
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from 20 psi (0.14 MPa) to 100 (0.7 MPa) psi resulted in an increase the shear capacity by 
40 percent and a decrease in displacement ductility by 50 percent.  
 
Changing the aspect ratio of the wall from 1.0 to 0.67 resulted in an increase in 
shear capacity of SS-1.0-20 and DD-1.0-20 walls by order of 113 and 70%, respectively. 
Although the detail of DDJ-1.0-20 was different from DSJ-0.67-20, changing the aspect 
ratio increased the shear capacity of the wall by 85%. Test results also demonstrated that 
the SS-0.67-20 wall fails in a brittle shear-dominated mode and using two reinforced and 
grouted vertical cells plus bond beams and joint reinforcement (DSJ-0.67-20) resulted in a 
change from a brittle shear failure mode to a ductile shear mode. Although, the proposed 
DD-0.67-20 and DSJ-0.67-20 details had a marginal effect on increasing the wall shear 
strength compared to SS-0.67-20, it dramatically increased the ductility of specimens by 
50% and 405%, respectively. 
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6 NUMERICAL MODELING  
 
6.1 Introduction 
In the last few decades, engineers' attention is being devoted to new methods of 
analysis of masonry structures (Lotfi 1991, Shing 1992, Lourenço 1997, Berto 2004, 
Minaie 2010). These methods are mostly based on developing numerical methods 
calibrated with experimental test results. The Finite Element Method (FEM) is one of the 
most powerful tools for modeling a continuous structure with an infinite number of 
complex elements. This modeling is performed by converting the structure to many 
simple finite elements with estimated linear and nonlinear mechanical properties. There 
are two main categories of FEM approaches for masonry structures: heterogeneous and 
homogeneous. Mortar joints and units are considered separately in the heterogeneous 
approach while they are assumed to be smeared into a uniform composite material with 
average properties in the homogeneous approach. Though homogeneous models are 
traditionally used for masonry modeling, heterogonous models are more representative 
(Ahmad et al. 2014). Considering masonry as a heterogeneous material can improve the 
accuracy of the results compared to the homogenous modeling. However, each approach 
has its own advantages and disadvantages.  
 
Concepts that have already been used in masonry modeling are similar to that of 
concrete modeling (Shing et al. 1992). The main difference between these two materials 
is the mortar joints and this issue makes the masonry modeling more complicated 
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compared to that of concrete. The behavior of fully grouted (FG) masonry is similar to 
that of concrete because of the presence of grout in the hollow cells. For this type of 
walls, the model used in concrete can led to the exact solution for masonry as well. 
However, the numerical modeling of partially grouted (PG) masonry walls demands the 
use of interface elements to adequately capture the response of masonry.  
 
As previously mentioned, using the concrete damage plasticity model for FG 
masonry results in a good agreement between numerical and experimental results 
(Minaei 2010). Because PG masonry shear walls contain both grouted and hollow 
elements, contact elements were only used as discontinuity in the hollow portion. Mortar 
joints and blocks are combined into a homogeneous unit material by applying the 
concrete damage plasticity. All failure mechanisms are considered in this method. They 
are shown in Figure 6.1. In case a, failure is due to cracking in the joint. In case b, sliding 
along the bed joints takes place, units are cracked because of direct tension (Case c), and 
case d show diagonal tension cracking. Finally, unit crushed in compression as the result 
of high normal stress is observed in case e. To come up with a realistic model, all different 
failure mechanisms need to be considered.  
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     a) Joint tension cracking                b) Joint slip               c) Unit direct tension crack 
 
 
 
 
 
    d) Unit diagonal tension crack                   e) Masonry crushing 
Figure 6.1 Failure mechanism of masonry (Senthivel and Lourenço 2009) 
 
To capture the response of masonry in a more realistically fashion a numerical 
model requires interface elements (Lourenço 1997). One possible option for modeling 
masonry is to use interface elements for mortar joints and suitable model for masonry 
units, grout and mortars. In this case, most of the important factors that affect the wall 
behavior are taking into account and the model can be solved with general purpose finite 
element software. Therefore, a simplified 3D micro model considering units and grout 
was employed to build the model in this study. The model was built considering different 
constituent materials. Rebar, units and grout were used to build the model. The model 
includes material parameters such as failure and yield criteria, elastic and inelastic 
property, damage property and stress-strain relationship of hollow and grouted masonry. 
For simplicity, hollow masonry units are modeled as solid blocks with thickness equal to 
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the sum of the thicknesses of the two face shells. Grout is also represented by solid 
concrete elements. Mortar joints and blocks are combined into a homogeneous unit 
material by applying concrete damage plasticity (CDP) model (Abaqus 2015). Contact 
elements were used as a discontinuity in the hollow portion of the PG masonry using 
cohesive surface-based behavior. Figure 6.2 shows the detail of the model for PG walls. 
The grouted vertical and horizontal parts were also modeled using solid concrete 
elements. 
 
               
 
 
 
 
 
 
 
Figure 6.2 Details of the numerical model for PG walls 
 
6.2 Macro and micro modeling 
Masonry is heterogeneous and anisotropic material due to presence of different 
components; units, mortar joints and grout. Considering the masonry as a homogeneous 
or heterogeneous material is a key decision for modeling masonry. Macro and micro 
models have already been developed for masonry as sub-branches of aforementioned 
Contact 
Unit 
Concrete damage 
plasticity 
Concrete damage 
plasticity 
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approaches (Lourenço 1998). Different strategies of masonry modeling were shown in 
Figure 2.6 and they are briefly discussed in this section. 
 
Macro model is based on the homogeneous material and it can provide an 
approximate response only for a basic design. In the macro approach, masonry is 
considered as a composite material. This type of modeling is used to study the overall 
response of the structure. One of the methodologies to model a system such as shear 
walls using macro element is to adopt different type of springs instead of structural 
elements (Chen et al. 2008). To simplify the modeling, the homogeneous approach 
considered to present the mortar and units with average mechanical properties. This 
method was used for the large scale models in such a way that mortar joints and units 
are smeared into one isotropic or anisotropic material. However, since masonry is not 
homogeneous, this type of model is not able to properly predict local behavior of the wall 
assembly (Lotfi and Shing 1991, and Shing et al. 1992).  
 
Some other studies (R D. Ewing et al. 1987, Lotfi and Shing 1991, Shing et al. 1992, 
Lourenco et al. 1995 and Zhuge et al. 1998) were conducted by defining the smeared 
crack called micro/macro modeling to consider masonry as a homogeneous material. This 
method is based on the same approach used in reinforced concrete. Reducing the 
modulus of elasticity by increasing the load in the model represents the propagation of 
cracks in the elements (Rashid 1968). This method was conducted to evaluate the lateral 
resistance of hollow and FG masonry shear walls. Lotfi and Shing (1991) used the 
139 
 
 
smeared crack approach in the finite element model analysis to investigate the capability 
of the model in capturing the failure mechanism and ultimate strength of FG concrete 
shear walls. The model showed excellent agreement with respect to flexural behavior, 
but it was not capable to predict the brittle shear behavior of walls. This was found to be 
caused by unrealistic kinematic constraint on the crack opening. The cracks were 
modeled by introducing displacement in the continuum field. Smeared concept is 
appropriate for FG masonry walls because of their similarity to concrete. For hollow 
masonry, smeared method is not a feasible option. In this category of modeling 
(micro/macro), Zhuge et al. (1998) developed a comprehensive analytical model using 
two dimensional plane stress concrete elements to study the behavior of unreinforced 
masonry. The model was affected by in-plane dynamic load and was solved using a 
nonlinear finite element program. Failure envelopes were employed for modeling a 
homogeneous material. The model was calibrated with experimental tests. Reasonable 
agreement between the analytical and experimental results was obtained.  
 
To reach more accurate response of PG masonry, different types of masonry 
components need to be considered. Therefore, the detailed micro modeling is the most 
appropriate method to accurately predict the behavior of masonry (Lourenço 1998). In 
this method, units, mortar joints and unit/mortar interfaces are represented by 
continuum and discontinuous elements, respectively. Different properties of both units 
and mortar, such as Poisson’s ratio, Young’s modulus and inelastic characteristics, are 
taken into account in this approach. These combinations of masonry units and mortar 
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joints with their interfaces can provide a more accurate response. Although this approach 
accurately predicts the local behavior of masonry, modeling becomes complicated when 
considering all behaviors of the masonry constituent materials. Therefore, this 
heterogeneous approach is uneconomic and inefficient in terms of time. To overcome 
this problem, simplified micro modeling has been established and most of the studies on 
finite element modeling of grouted and ungrouted masonry, such as Shing et al. (1992), 
Berto et al. (2004), Milani (2008), Stavridis (2010) and La Mendola (2014) were 
conducted using this type of modeling. In this approach, mortar joints are clamped into 
the unit/mortar interface as a discontinuous element. Expanded units up to half of the 
mortar thickness in the vertical and horizontal directions were simulated using 
continuum elements.  
 
Shing et al. (1990) used discrete crack approach to model the brittle shear behavior 
of masonry shear walls as a simplified model. Interface elements were used for mortar 
joints as the primary crack source. Secondary source of cracks were modeled using 
smeared crack approach in the units. This model successfully predicted the shear 
behavior of brittle reinforced masonry shear walls. Lourenço and Rots (1997) used an 
interface model for analyzing unreinforced masonry. Different failure modes were 
considered in the model and a new strategy for modeling masonry was developed 
(details of model are shown in Figure 6.3). In this approach, the mortar joints are 
considered as the weakest elements and modeled by elastic-plastic interface elements. 
Results, Lourenço and Rots (1997) showed that the model was able to reproduce the 
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experimental response without any numerical difficulties. Additionally, the model can 
estimate cracks inside the units. Capturing this type of failure was a new achievement in 
masonry finite element modeling. 
 
 
 
 
 
 
 
 
 
Figure 6.3 Suggested modeling strategies (Lourenço and Rots 1997) 
 
Shing and Cao (1997) employed two different type of elements to model the 
behavior of masonry walls; smeared and interface elements. Smeared elements were 
used to model the behavior of masonry units and plasticity interface elements were used 
for the tensile and shear behavior of the mortar joints. Results showed that the walls 
lateral strength predicted numerically were higher than those obtained experimentally. 
However, the failure mode of the walls was well captured in this model. Moreover, the 
results showed that the behavior of PG masonry walls is similar to infill reinforced 
concrete frame.  
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Homogenization approach is another method in masonry modeling intended as an 
intermediate between macro and micro modeling. This approach, studied by Milani et al. 
(2006), Casolo and Milani (2010), and Milani (2011), is an appropriate method for a 
heterogeneous structure consists of a periodic cell. In this approach, user only requires a 
reduced number of material parameter only for the assigned cell by avoiding 
independent modeling of all joints and units existing through the structure as shown in 
Figure 6.4. Implementing this strategy leads to a significant simplification in numerical 
modeling and computational cost. 
 
 
 
 
 
 
 
 
Figure 6.4 Homogenization, Milani et al. (2006) 
 
6.3  Constitutive models 
A simplified 3D micro model is employed here considering units, grout and 
interfaces. Masonry units and grout are modeled as solid blocks and solid concrete 
elements, respectively. Additionally, mortar joints and blocks are combined into a 
homogeneous unit material using concrete damage plasticity (CDP) model. Interface 
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elements were employed to model discontinuity between units in the hollow parts of the 
PG wall using cohesive surface-based behavior.  
 
Input to present wall model was developed based on experimental results of grout, 
unit, mortar and assemblages that were constructed and tested before testing the shear 
walls (refer to chapter 3). The model was able to successfully capture the stress strain 
curve, the crack pattern and the strain distribution of hollow and grouted assemblages. 
Therefore, the same model was used for the test wall specimens and also extending it for 
investigating the effect of other parameters (not covered in the experimental study) on 
the response of doubly grouted PG masonry shear walls.  
 
5.1.1 Concrete Damage Plasticity (CDP) 
To simulate the nonlinear response of masonry units and grout, the CDP model 
available in Abaqus was used. The CDP model was developed to predict the behavior of 
concrete and other quasi-brittle materials such as rock and mortar under cyclic loading, 
Lubliner et al. (1989). Cracks in tension or crushing in compression are the main failure 
modes of this model. The model is based on primary models proposed by Lubliner et al. 
(1989) and Lee and Fenves (1998). In this model, the tension and compression damage 
from micro to macro cracking can be tracked separately. The CDP model assumes that 
the uniaxial compressive and tensile response of concrete is characterized by damaged 
plasticity (see Figure 6.5). 
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                       (a) Tension                                                             (b) Compression 
 
 
Figure 6.5 Response of concrete to uniaxial loading (Abaqus theory manual 2015) 
 
All the model parameters can be derived from the compressive and tensile behavior 
of defined materials. For this purpose, the stress-strain curves of hollow and grouted 
prisms (Figure 6.6a) were used as input for the compressive behavior of the hollow and 
grouted parts of the wall using the CDP model. Additionally, data collected in the 
horizontal direction of hollow and grouted diagonal tension specimens (DT) were used 
for the tensile behavior of the model as shown in Figure 6.6b.  
 
 
 
145 
 
 
0.000 0.003 0.005 0.007 0.010 0.013 0.015
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
0.00
3.45
6.90
10.34
13.79
17.24
20.69
24.14
27.59
 Grouted
 Hallow
S
tre
ss
 (M
P
a)
S
tre
ss
 (k
si
)
Strain
      
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
0.00
0.03
0.05
0.07
0.10
0.13
0.15
0.17
0.20
0.23
0.25
0.28
0.30
0.00
0.17
0.34
0.52
0.69
0.86
1.03
1.21
1.38
1.55
1.72
1.90
2.07
 Grouted
 Hallow
S
tre
ss
 (M
P
a)
S
tre
ss
 (k
si
)
Strain
 
             (a) Compressive behavior of                                  (b) Tensile behavior of                                                                              
                   hollow and grouted prisms                                    hollow and grouted DT  
 
Figure 6.6 Compression and tension inputs of model 
 
5.1.2 Cohesive surface-based elements 
Cohesive interaction is a function of the displacement separation between the 
edges of potential cracks (Abaqus 2015). They are appropriate to model the separation 
between two initially bonded surfaces and can be applied in situations where cracks are 
expected to propagate. Cracks are restricted to only develop along the layers at the head 
and bed joints. The mechanical constitutive behavior of the cohesive elements was 
defined using traction-separation constitutive model (Abaqus 2015). In this type of 
modeling, prior to damage, the cohesive behavior follows a linear traction-separation law 
and progressive degradation of the bond stiffness leads to the bond failure. Once a 
damage initiation in the interface element is met, damage will take place based on 
material damage factor.  
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The compressive strength of mortar and grout as the only sources of strength 
between units were considered for defining the traction behavior of the model. Mortar is 
also the only source of bond resistance against shear forces along the bed joints of 
hollow masonry. Therefore, the compressive strength of mortar was used for the 
cohesive behavior of hollow masonry in the normal mode of fracture. However, for 
grouted masonry, the compressive strength of grout was used as a normal mode of 
masonry fracture. 
 
Similarly, displacement of hollow and grouted diagonal tension at yield point and 
fracture were used to define the separation behavior of elements. By combining these 
parameters, the traction-separation behavior of interface elements was defined for the 
model. Shear strength of the hollow and grouted assemblages were also used for the 
shear mode parameter by defining the shear behavior of hollow and grouted 
assemblages as shown in Figure 6.7.   
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Figure 6.7 Shear behavior of hollow and grouted assemblages, refer to chapter 4 
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Cohesive elements were used to bond two bodies and they degrade after applying 
load due to the tensile or shear deformation. As a result, after de-bonding, the two 
bonded component come into a contact. This interaction between surfaces is described 
by Coulomb friction and the employed model characterizes the frictional behavior of 
contacts using a coefficient of friction of 0.78.  
 
The concept of cohesive zone was employed by Dugdale (1960) for the first time. 
Barenblatt (1962) adopted the concept of cohesive stress zone into account for the finite 
strength of brittle materials in the fracture modeling. Needleman (1987) recognized that 
cohesive elements are partially useful when interface strength is relatively weak 
compared to the adjoining materials.  
 
Composite parts and laminates bonded with adhesives-cohesive behavior are 
examples for modeling with the adhesive bonded interfaces. Adhesive bonded interface 
is appropriate to model the separation between two initially bonded surfaces. Cohesive 
zone model has been extensively employed to study the failure of different materials, 
Elices (2002). It can be used where the interface strength and integrity of structure may 
be of interest. The mechanical constitutive behavior of cohesive elements can be defined 
in three methods: 1) uniaxial stress-based, 2) continuum based and 3) traction-separation 
constitutive model. Where two bodies are connected by a third part material like glue, 
the continuum based modeling is appropriate for the adhesive. In this case, glue should 
be considered with a finite thickness. The mechanical properties of adhesive material 
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were employed directly in the model from the experimental results. In general, the 
adhesive material has more impact than the surrounding material in real structures. 
Therefore, the damage initiation and propagation dominate the ultimate behavior of 
composite material. The traction-separation constitutive models can also be used when 
the glue is very thin and for the practical purpose may be considered as a zero thickness 
material. The cohesive elements can be applied in situations where cracks are expected 
to propagate such as in case of masonry. In this model, cracks are restricted to develop 
along the layers at the head and bed joints. Prior to damage, the cohesive behavior 
follows a linear traction-separation law and progressive degradation of the bond stiffness 
leads to bond failure. Once a damage initiation in the interface element is met, damage 
will take place based on the user defined damage factor.  
 
A typical traction-separation response is presented in Figure 6.8. In the elastic part, 
the traction stress vector consists of normal, 𝑡𝑡𝑛𝑛 and two shear traction components 𝑡𝑡𝑠𝑠, 𝑡𝑡𝑡𝑡. 
These components represent mode I, II and III of fracture modes shown in Figure 6.8. 
Additionally, in this model, 𝛾𝛾𝑛𝑛° , 𝛾𝛾𝑠𝑠° and 𝛾𝛾𝑡𝑡 ° represent the corresponding initial separation 
caused by pure normal, in-plane and out-of-plane shear stresses, respectively. These 
values can be calculated using the stiffness and strength of each fracture modes.   
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    (a) Traction-separation response                            (b) Fracture modes 
Figure 6.8 Typical traction-separation behavior and fracture modes (Abaqus theory 
manual 2015) 
 
The second part of traction-separation response shows the damage propagation of 
bond which can be determined in different ways. The maximum nominal stress (MAXS 
available in Abaqus library) for damage propagation was selected here. The damage 
initiates when the maximum nominal stress ratio reaches a value of one. Damage 
evolution in this model describes the degradation of the cohesive stiffness. For this 
purpose, the maximum separation at the end of graph can be specified either by using 
the total fracture energy or the post damage-initiation effective separation at failure (i.e. 
𝛾𝛾𝑛𝑛
𝑓𝑓 ,𝛾𝛾𝑠𝑠𝑓𝑓 and 𝛾𝛾𝑡𝑡𝑓𝑓). Post damage-initiation separation was used to consider the damage 
evolution in the present study. Cohesive elements are used to bond two bodies and they 
degrade after applying load due to tensile or shear deformation. Subsequently, the two 
bonded components come into a contact after de-bonding. Therefore, Coulomb frictional 
contact behavior is also defined in the current model. Coulomb friction describes the 
interaction of contacting surfaces and the model characterizes the frictional behavior 
using a coefficient of friction, µ. It is important to avoid components penetration after 
Mode I  
(opening) 
Mode II  
(In-plane shear) 
Mode III 
(Out-of-plane shear) 
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forming the contact, especially for the normal behavior of contacts. This allows the 
assemblages to take apart in presence of the critical force.  
 
Abaqus provides two options for the standard contact including surface-to-surface 
and self-contact. For the presented problem, surface-to-surface contact was used and 
contacting properties for the tangential and normal behavior were specified. This contact 
is applicable for modeling two surfaces that are deformable. The coefficient of friction 
can be defined based upon slip-rate data. In this study, contact-pressure dependent 
behavior was used based on the results from the shear test assemblages. The tangential 
motion is zero until the surface traction reaches a critical shear stress value which is 
dependent upon the normal contact pressure, according to the Eq. 6.1.  
𝜏𝜏𝑐𝑐 = 𝜇𝜇𝜇𝜇                                                                                                                                   Eq.  6.1 
 
Where µ is the coefficient of friction and p is contact pressure between the two 
surfaces. This equation introduces the limiting frictional shear stress for the contacting 
surfaces. The contacting surfaces do not slip until the shear stress across their interface 
reaches the limiting frictional shear stress.  
 
The solid line in Figure 6.9 represents the ideal behavior of Coulomb friction model; 
there is zero relative motion (slip) of the surfaces when they are sticking (the shear 
stresses are below 𝜇𝜇𝜇𝜇). And surfaces moves infinitely when the critical shear, 𝜏𝜏𝑐𝑐, is 
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reached. Basically, there is a finite sliding between contacts even by imposing a small 
amount of shear stress. The dotted line shows the realistic behavior of Coulomb model.  
 
 
 
 
 
 
Figure 6.9 Frictional behavior (Abaqus theory manual 2015) 
 
6.4 Numerical modeling using Abaqus 
Abaqus is a general purpose simulation tool that offers nonlinear finite element 
analysis for different applications from civil engineering to aeronautics. It is consisted of 
four software codes. However, only two of them are related to the purpose of this study. 
  
Abaqus/Standard which uses implicit methods in solving differential equations is a 
general purpose finite element analyzer for both linear and nonlinear cases. When the 
implicit methods are used, the user has the opportunity to choose time steps and 
convergence criteria because of no limitation on numerical stability. On the other hand, 
Abaqus/Explicit uses central difference method in solving differential equations. The time 
increments are controlled by numerical stability.  
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Implicit and explicit schemes are two approaches that can be used to solve finite 
element problems. The implicit approach is useful in problems in which time dependency 
of the solution is not an important factor. This method is ideal for static and low-speed 
dynamic events, where highly accurate stress solutions are critically important. Within a 
single simulation, it is possible to analyze a model both in the time and frequency 
domain. In contrast, explicit approach is more helpful in solving high deformation, time 
dependent problems. Explicit finite element analysis is particularly well-suited to simulate 
brief transient dynamic events, such as consumer electronics drop testing, automotive 
crashworthiness, and ballistic impact. The ability of Abaqus/Explicit to effectively handle 
severely nonlinear behavior, such as contact problems, makes it very attractive for the 
simulation of many quasi-static events, such as rolling of hot metal and slow crushing of 
energy absorbing devices. The prime difference between the implicit and explicit 
schemes lies in the consideration of velocity or acceleration. In an implicit scheme, the 
displacement is not a function of time. Hence the velocities and accelerations which are 
time derivatives of displacement turn out to be zero and the mass and damping factors 
can be neglected. As opposed to implicit method, the explicit method is a function of 
time. Being a function of time, the velocity and acceleration as well as the mass and 
damping need to be considered in this scheme (Abaqus theory manual 2015).  
 
In this study, Abaqus/Explicit finite element method was used, because of some 
elaborate advantages compared with the implicit scheme. The analysis cost rises only 
linearly with problem size, whereas the cost of solving the nonlinear equations associated 
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with implicit integration rises more rapidly than linearly with problem size. Therefore, 
Abaqus/Explicit is attractive for very large problems. The explicit integration method is 
more efficient than the implicit integration method for solving extremely discontinuous 
events or processes. It is possible to solve complicated, very general, three-dimensional 
contact problems with deformable bodies in Abaqus/Explicit.  
 
5.1.3 Elements 
A wide range of elements exist in the library of Abaqus which include continuum 
elements, infinite elements, membrane and truss elements, beam and shell and rebar 
elements. Different element types can be mixed together in an analysis. For all elements, 
numerical integration is used to keep generality. Either full or reduced integration 
features are available. Reduced integration is available for quadrilateral as well as 
hexahedral elements. In the current model, truss element for the rebar and continuum 
element for the concrete part of the wall were employed and are discussed herein. 
Continuum elements include; solid isoparametric elements, triangular, tetrahedral, and 
wedge elements, generalized plane-strain elements, axisymmetric elements and 
axisymmetric elements allowing nonlinear bending. Solid isoparametric elements, two 
dimensional solids allow for modeling plane and axisymmetric problems. There are first 
and second order isoparametric elements: for 2D, 4-node quadrilateral and 8 node brick 
for 3D problems.  
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The second order elements are “serendipity” (mid-side and corner integration only) 
elements: 8 node quadrilateral and 20 node brick and “full Lagrange” elements with 
variable number of nodes. Full and reduced integration features are available for all of 
these elements. Low order quadrilateral elements are implemented in this study by 
incompatible mode feature in order to improve bending behavior. Triangular, 
tetrahedral, and wedge elements, first and second order triangular as well as tetrahedral 
and wedges elements are available in Abaqus. Unfortunately, Abaqus /Explicit does not 
support quadratic shell and solid elements, and so, this research began by investigating 
the appropriateness of linear elements. Specifically, the model employed; 1) element 
C3D8R, which is a linear 8- node solid element with reduced integration, and 2) element 
T31, that is a 2 node linear plane frame element. 
 
6.5 Model inputs 
6.5.1 Assemblages 
Table 6.1 shows the material properties that were used in this study for modeling 
the ungrouted and grouted masonry assemblages. The plasticity characteristics of 
material require different types of experimental tests that are beyond the scope of this 
research. In the absence of such data, the plasticity parameters were determined 
indirectly by trial and error in the calibration process, and by use of common values 
recommended in the literature. Stress-strain curves of ungrouted and grouted prisms 
tested in this study were used as input for the compressive behavior of the CDP model. 
Data collected in the horizontal direction of ungrouted and grouted diagonal tension 
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specimens were used for the tensile behavior of the model. Table 6.2 shows the yield 
stress versus the inelastic strain and cracking strain calculated from the above-mentioned 
tests, also they are illustrated in Figure 6.10.  
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Table 6.1 Mechanical properties of ungrouted and grouted masonry assemblages 
Sample 
Mass Elasticity Plasticity 
Density 
 lbf. s2/in4 
(Kg/m3) 
 
E 
 ksi 
(GPa)  
Poisson’s Ratio 
υ 
Dilation Angle  
ψ Eccentricity fb0/fc0 K 
Viscosity 
Parameter 
Ungrouted 
0.0025 
(26,717)  
3,804 
(26.2)  
0.2 
32 
0.1 1.16 0.67 0.001 
Grouted 4,890 (33.7) 34 
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Table 6.2 Compressive and tensile behavior of the model 
Concrete Damage Plasticity 
Hollow Grouted 
Compressive 
Behavior Tensile Behavior Compressive Behavior Tensile Behavior 
Yield 
Stress  
psi (MPa)  
Inelastic 
Strain 
Yield 
Stress 
 psi (MPa)  
Cracking 
Strain 
Yield 
Stress  
psi (MPa) 
Inelastic 
Strain 
Yield Stress 
 psi (MPa) 
Cracking 
Strain 
2000 
(13.8) 0 
93 
(0.64) 0 
2523 
(17.4) 0 
217 
 (1.5) 0 
2500 
(17.2) 0.00012 
90 
(0.62) 0.00006 
3000 
(20.7) 0.0003 
167 
 (1.15) 0.00029 
2596 
(17.9) 0.00032 
50 
(0.34) 0.00028 
3135) 
(21.6) 0.0005 
120 
 (0.83) 0.00044 
2000 
(13.8) 0.00057 
30 
(0.21) 0.00045 
3038 
(20.9) 0.0010 
43 
(0.3) 0.00092 
1100 
(7.6) 0.00131 
17 
(0.12) 0.00079 
2851) 
(19.6) 0.0015 
15 
 (0.1) 0.00300 
640 
(4.4) 0.00191 
7 
(0.05) 0.00139 
2191 
(15.1) 0.0029 
9  
(0.06) 0.00450 
320 
(2.2) 0.00245 
5 
(0.03) 0.00299 
1490 
(10.3) 0.0045 
7  
(0.05) 0.00530 
140 
(1) 0.00295 
3 
(0.02) 0.00349 
295 
(2.0) 0.0099 - - 
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                       (a) Compressive behavior                                 (b) Tensile behavior 
 
Figure 6.10 Compressive and tensile behavior of ungrouted and grouted model 
 
 
The cohesive behavior of mortar was defined based on information presented in 
Table 6.3. Mortar is the only source of bond resistance against shear forces along the bed 
joints. Therefore, the compressive strength of mortar was used for the cohesive behavior 
of the ungrouted specimens in mode I. For the grouted specimens, the compressive 
strength of the grout was used as a normal mode of masonry fracture. Shear strength of 
hollow and grouted specimens were also used for mode II referred to as shear I in the 
Table 6.3. For simplicity, the same stiffness in the normal and shear directions were 
assumed in the traction-separation model. Since there is no out-of-plane shear in force 
applied to the test specimens, to simulate the mode III (shear II), shear value of masonry 
was taken equal to zero. Plastic displacement values, employed the strength degradation 
of mortar, were calculated based on the maximum separation of tip displacement of the 
ungrouted masonry diagonal tension assemblages discussed earlier.  
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Table 6.3 Cohesive behavior of mortar 
 Contact 
Sample 
Tangential 
Behavior 
Normal 
Behavior 
Cohesive Behavior 
Traction-
Separation 
Behavior 
Damage 
Stiffness 
Coefficients 
kip/ft (MN/m) 
Initiation ksi (MPa) Evolution 
Friction 
Coefficient Knn Kss Ktt Normal Shear I Shear II 
Plastic 
Displacement 
in. (mm)  
Ungrouted 
0.78 Hard Contact 
596 
(8.7) 
596 
(8.7) 0 
1.83 
(12.6) 
0.03 
(0.21) 0 0.08 (2.0) 
Grouted 959 (14) 
959 
(14) 0 
3.45 
(23.7) 
0.09 
(0.60) 0 0.09 (2.3) 
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Figure 6.11 shows the employed traction-separation behavior of ungrouted and 
grouted specimens in the model. In this graph, the maximum stress is the compressive 
strength of mortar and grout for ungroted and grouted specimens, respectively. In 
addition, the maximum separation is the plastic deformation calculated based on 
displacement related to 10% of the specimen strength. Since the traction-separation 
graph is linear, the slope of each line (stiffness coefficient) will be 596 and 959 kip/ft (8.7 
and 14 MN/m) for the ungrouted and grouted specimens, respectively. Since contact 
assumed to have zero thickness, hard contact was assigned for normal behavior. It is 
supposed that "Hard" contact refers to an interaction without any softening. In other 
words, no penetration of the surfaces can occur in the model. Also, most common 
friction coefficient of concrete masonry is in the range of 0.6-0.8, Drysdale and Hamid 
(2015), from which the best fit was calculated using a value of 0.78.  
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Figure 6.11 Tension-separation behavior of masonry models 
 
Horizontal, vertical reinforcing bars and joint reinforcements were modeled using 
elastic-perfectly plastic model as shown in Figure 6.12 [(Fy= 60 ksi (414 MPa), and a 
161 
 
 
modules of elasticity of 29,000 ksi (200 GPa)]. Reinforcing bars were embedded into the 
grout and assumed to be smeared overly on crack without any sliding between them.  
 
 
 
 
 
                     Figure 6.12 Bilinear behavior for steel bar reinforcement 
 
The finite element mesh and boundary conditions of the assemblages are shown in 
Figure 6.13. Units are modeled using 1.9 in. (50 mm) cubical mesh. All models were 
tested under displacement control by applying displacement at the top of the specimen 
using Abaqus implicit. Because there are a large number of elements when using micro-
modeling, the use of higher order elements often results in extensive computation time 
without adding too much accuracy into the overall analysis outcome. Therefore, an eight-
node 3D stress linear brick, reduced integration elements (C3D8R) were used for 
modeling the masonry units. These elements are based on linear interpolation and a 4×4 
Gauss integration scheme. 
 
 
 
 
0.02 
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                                   (a) Grouted unit                                   (b) Ungrouted unit 
 
 
  
 
 
 
 
 
 
 
       
 
            (c) Prism                               (d) Shear specimen             (e) Diagonal tension specimen 
Figure 6.13 Modeled units, finite element mesh and boundary condition 
 
The model adopts a linear varying normal strain and a constant shear strain over 
the element’s area. The geometry of the assemblages and defined interaction surfaces 
between units are shown in Figure 6.13 and Figure 6.14. The size of the grouted unit is 16 
x 8 x 8 in, (406 x 203 x 203 mm) and the thickness of mortar is considered zero. However 
for simplicity, the hollow portions of ungrouted units were ignored, as shown in Figure 
8 in. (203 mm) 
16 in. (406 mm) 
16 in. (406 mm) 
3.9 in. (101 mm) 
 
8 in. (203 mm) 
163 
 
 
6.13a, b. The hollow masonry block is modeled as a solid unit with equivalent thickness 
equal to the summation of the thicknesses of the two face-shells. Master and slave 
surfaces were defined in the bed and head joints between the units. The traction-
separation behavior was assigned to the surface based cohesive behavior of mortars.   
 
 
 
  
 
   (a) Prism                        (b) Shear specimen                (c) Diagonal tension specimen 
Figure 6.14 Geometry of assemblages and surface-based interaction of units 
 
6.5.2 Walls 
The finite element mesh and boundary conditions of walls are shown in Figure 6.15. 
Units are modeled using 8 in. (203 mm) cubical mesh. All models were tested under 
displacement control by applying displacement at the top of the specimen. The use of 
higher order elements often results in extensive computation time and analysis without 
acquiring better accuracy into the overall analysis output. Due to the large number of 
elements, an eight-node 3D stress linear brick, reduced integration elements (C3D8R) 
were used for modeling the masonry units. These elements are based on a 4×4 Gauss 
integration scheme with linear interpolation. The model adopts a constant shear strain 
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over the element’s area by considering a linear varying normal strain through the 
element. The geometry of the walls and defined interaction surfaces between the units 
are shown in Figure 6.17. The size of the grouted cells and beams are 8x8 in. (203 x 203 
mm) and 16 x 8 in. (406 x 203 mm) in the SS-1.0-20 and DD-1.0-20 walls, respectively. 
The thickness of the mortar joints is considered zero. The same dimensions of DD-1.0-20 
wall were used for building the model of DDJ-1.0-20 wall. The hollow masonry block is 
modeled as a solid unit with equivalent thickness equal to the sum of the thicknesses of 
the unit’s two face-shells. Additionally, an elastic foundation using the same parameters 
of grout was considered in the model. Master and slave surfaces were defined in the bed 
and head joints between the units. The traction-separation behavior was assigned to the 
surface based cohesive behavior of the mortar joints. 
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                                                         SS-1.0-20 wall                        DD-1.0-20 wall                         DDJ-1.0-20 wall 
 
 
 
SS-0.67-20 wall                         DD-0.67-20 wall                  DSJ-0.67-20 wall 
 
Figure 6.15 Finite element mesh and boundary condition 
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                        SS-1.0-20 wall                                                         DD-1.0-20 wall                                                DDJ-1.0-20 wall 
 
         Figure 6.16 Geometry of the walls 
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                              SS-0.67-20 wall                                            DD-0.67-20 wall                                            DSJ-0.67-20 wall 
 
Figure 6.17 Geometry of the walls (continued) 
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6.6 Model output and discussion 
5.1.4 Assemblages  
Figure 6.18 and 6.19 show the analytical and experimental load-displacement 
relationships of the ungrouted and grouted prisms, respectively. The numerical results 
show good agreement with the experimental tests regarding strength, stiffness and strain 
at peak load. As described before, the failure mode of the ungrouted specimens was 
characterized by vertical tensile splitting cracks initiated at the middle web and spreading 
to the top and bottom units and for the grouted specimen, the failure mode was 
characterized by diagonal crack. The final maximum principal strain and stress for the 
ungrouted and grouted specimens presented in Figure 6.18 and Figure 6.19.  
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Figure 6.18 Stress-strain curves and max principal stress, strain contors for ungrouted 
prisms 
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As can be seen, the maximum stress in the ungrouted specimen occurred at the 
bottom edges of prism and the maximum stress shear of the grouted prisms is located at 
the bottom of sample, which coincides with the experimental results. 
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Figure 6.19 Stress-strain curves and max principal stress, strain contors for grouted 
prisms 
 
Figure 6.20 and Figure 6.21 show the experimental and numerical stress-strain 
curves of the ungrouted and grouted shear specimens, respectively. The deformation at 
the ultimate load of the grouted specimens is much higher than that of the ungrouted 
specimens. Adhesion mortar bond at the block-mortar interfaces has very small 
deformation, indicating high degree of brittleness for this mode of failure. It is to be 
noted that the axial stress normal to bed joints, induced by gravity and axial loads, 
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maintains a large amount of slip deformation after failure of adhesion bond. Thereby, this 
creates a ductile mode of failure and large energy absorption capacity. Stiffness obtained 
from the numerical analysis is the same as obtained from the tests. However, the 
maximum shear strength in both models is a little bit greater than experimental results. 
In addition as shown in Figure 6.20, the maximum stress occurred at the neighbor of 
surfaces and gap. 
   
Figure 6.22 and Figure 6.23 show load-deflection curves of the vertical compression 
diagonal of the diagonal tension specimens. Grouted specimens showed much higher 
deformation capacity compared to the ungrouted specimens. The model was able to 
predict the behavior of ungrouted and grouted diagonal tension with good agreement. 
The stress distributions in the ungrouted and grouted specimens are almost the same 
and it was shown that the diagonal portion of the specimen carried the most of load. As 
expected, the areas near the left and right corners of the specimen take zero load and 
consequently no stresses.  
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Figure 6.20 Shear bond stress-strain curves and max principal stress, strain contours for 
ungrouted shear specimen 
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Figure 6.21 Shear bond stress-strain curves and max principal stress, strain contours for 
grouted shear specimen 
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Figure 6.22 Diagonal tension load-displacement curves and max principal stress, strain 
contours for ungrouted DT specimen 
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Figure 6.23 Diagonal tension load-displacement curves and principal stress, strain 
contours for DT specimen 
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5.1.5 Walls 
The load-displacement curve and crack patterns of all walls are shown in Figure 
6.25. As can be seen in Figure 6.24a, the numerical results for the SS-1.0-20 wall has a 
good agreement with the experimental results. Also, the model captured the crack 
pattern of the wall sufficiently. The numerical model was able to predict the strength of 
DD-1.0-20 and DDJ-1.0-20 walls, see Figure 6.24b, c. In addition, deformed shape of the 
DD-1.0-20 and DDJ-1.0-20 walls is almost the same as captured experimentally. The 
model was able to predict the stiffness and strength of all walls properly. Figure 6.24 
shows the load-displacement relationship of walls from numerical analysis and 
experimental tests. As described in chapter 4, the failure mode of walls SS-1.0-20 and SS-
0.67-20 was dominated by shear and diagonal cracks propagating in the hollow parts of 
specimens. Evidently, the final numerical crack pattern of walls SS-1.0-20 and SS-0.67-20 
shows the same diagonal cracking in the hollow parts. This indicates the adequacy of the 
numerical model used in the study. 
 
Wall SS-1.0-20 and SS-0.67-20 showed the best correlation between the numerical 
and test results. However, several distinctions can be observed by comparing the final 
crack pattern of wall SS-1.0-20 and SS-0.67-20 obtained numerically to the crack pattern 
observed experimentally. First, the anti-symmetric crack pattern shown in the numerical 
model is due to monotonically increasing displacement in one direction. Second, the toe 
crushing (observed experimentally), was not observed numerically. Interlocking effect 
between the frame and hollow masonry panels was not considered in the analysis. This 
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results in a reduction in the load-carrying capacity of the frame. Consequently, no 
crushing was obtained in the analysis since none of the blocks reached its maximum 
strength.  
 
Proposed model was able to predict the strength and stiffness of DD-1.0-20, DD-
0.67-20, DDJ-1.0-20, and DSJ-0.67-20 walls as well. The stiffness and strength from the 
analysis of the DD-1.0-20 wall are slightly less than experimental results while both the 
stiffness and strength of wall DDJ-1.0-20 are higher than actual test values. This may be 
attributed to the presence of joint reinforcements in wall DDJ-1.0-20. It is to be noted 
that the numerical model was capable of predicting the post-peak response of the walls 
and was in good agreement with measured response. 
 
Although, numerical modeling was able to predict behavior of all walls pre-peak. 
There were some difficulties to predict post-peak response. This issue becomes more and 
more critical in the walls with highly brittle behavior. Therefore, as can be seen in Figure 
6.25, post-peak behavior of SS, DD and DSJ walls with aspect ratio of 0.67 are not exactly 
the same as experimental results. The uncertainty in mechanical behavior of brittle 
materials after reaching to the peak point is a lot higher than that of stable post-peak 
behavior. In the most cases numerical model have shown a brittle behavior compared 
with experimental, and load dropped significantly in these cases.  
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(a) SS-1.0-20 wall 
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 (b) DD-1.0-20 wall 
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(c) DDJ-1.0-20 wall 
Figure 6.24 Load-deformation curves, numerical and experimental deformed shapes                         
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                                                       (d) SS-0.67-20 wall 
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                                                        (e) DD-0.67-20 wall 
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(f) DSJ-0.67-20 wall 
Figure 6.25 Load-displacement curves (continued) 
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Horizontal tensile splitting and longitudinal cracks initiated at the top and bottom of 
the bound beams were also captured in the numerical model of DD-1.0-20 and DDJ-1.0-
20 walls. Although the numerical deformed mesh of these walls are not exactly the same 
as those obtained from the test, flexural cracks that are the result of doubly reinforcing 
and grouting the beams and cells, were observed as the main reasons of DD-1.0-20 and 
DDJ-1.0-20 walls failure.  
 
Extent of cracking, predicted numerically for DDJ-1.0-20, is higher than that for the 
DD-1.0-20 wall. This is in agreement with the experimental results. As explained earlier, 
this behavior indicates the efficiency of the number of joint reinforcement in controlling 
the crack width. Horizontal tensile splitting longitudinal cracks that were observed 
experimentally initiated at the top and bottom of bound beams were also captured in the 
numerical model of wall DD-1.0-20, see Figure 6.24c.  
 
Improving the performance of DD-1.0-20 wall with doubly reinforced cells and bond 
beams detail, compared by SS-1.0-20 wall, was demonstrated through the numerical 
study showing good agreement with the experimental study. DD-1.0-20 wall shows % 
increase in capacity compared to SS-1.0-20 wall. The excellent agreement between the 
numerical and experimental results provides confidence in the significant and 
unprecedented effect of the proposed doubly reinforcement detail.  
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6.7 Further analytical case studies 
The proposed numerical model was used for further analytical case studies to 
determine the effect of other parameters on wall response. Four important parameters 
were studied; number of grouted cells, level of pre-compression and wall boundary 
condition (cantilever versus fixed). Additionally model was extended to investigate the 
effect of SS, DD and SD detail on the performance of one story building. The last analysis 
was conducted in order to evaluate the response factor of such building. 
 
The model was first used to study the behavior of wall DD-1.0-20 under 100 psi (0.7 
MPa) (DD-1.0-100) distributed axial stress. Rotation of the wall at the top might be 
restricted due to relative stiffness of diaphragm in the building. Therefore, in the second 
model top of the wall was fixed against the rotation and it tested as a fixed-fixed 
boundary condition (DD-1.0-20-F). To explore the effect of grouting, frame stiffness and 
confinement, on the wall response two extra wall configurations were investigated using 
three (TR-1.0-20) and four side-by-side (QR-1.0-20) grouted cells. To keep the amount of 
reinforcement constant, the size of rebars were reduced to 2 #3 (D 10) and 1 #4 (D 13) in 
the triple and to 3 #3 (D 10) in quadruple cells grouted specimens. 
 
Numerical lateral load-deformation curves of DD-1.0-20, DD-1.0-100, DD-1.0-20-F, 
TR-1.0-20 and QR-1.0-20 walls are plotted in Figure 6.26. It can be seen that the axial 
compression stress and fixing the rotation has a significant impact on the behavior of the 
wall. Results showed that fixing the rotation of the wall increases the strength while the 
179 
 
 
deformability decreases. The same results were also found for the axial stress, the higher 
is the axial stress, the higher is the lateral strength. Although both parameters reduced 
the deformability of the walls, fixing the rotation led to significant decrease in the final 
displacement of the specimen. As can be seen from Figure 6.26, wall DD-1.0-20-F has the 
highest stiffness and strength compare with two other walls. However, wall DD-1.0-100 
showed the same stiffness as the DD-1.0-20 wall. Therefore, increasing the axial stress 
has no effect on the stiffness of the wall but it showed a significant increase in the 
strength. Shear strength and deformability of both TR-1.0-20 and QR-1.0-20 walls 
increased compared to wall DD-1.0-20. As can be seen from Figure 6.26, wall QR-1.0-20 
has the highest stiffness and shear strength compare with two other walls. 
 
Deformed mesh of DD-1.0-100 wall showed a combination of diagonal and 
horizontal cracks. However, the amount of horizontal are relatively higher than diagonal 
ones, as the load-deformation curve shows the deformability of wall reduces a little bit. 
Presence of these diagonal cracks in the hollow panels is the main reason of 
deformability reduction. Highly brittle behavior was obtained for wall DD-1.0-20-F, this 
behavior shows that shear failure is dominant and as expected a lots of diagonal cracks 
were observed in the deformed mash of the wall (Figure 6.27b).    
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Figure 6.26 Load-deformation curves 
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(a) DD-1.0-100 
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(b) DD-1.0-20-F 
Figure 6.27 Load-deformation curves and wall deformed mesh 
 
Lateral load-deformation and deformed mesh of TR-1.0-20 and QR-1.0-20 walls are 
presented in Figure 6.28. Appling diagonal load to a bare hollow or grouted masonry 
panels results in an abrupt tensile failure initiated by a stepped crack. Unconfined hollow 
or grouted masonry panels divide into two separate parts followed by collapse after crack 
propagates in the specimens (refer to chapter 3). Opposed to the bare panel when a 
diagonal crack initiate within an infilled panel, panel can still carry load due to partial 
confinement that frame enforce to the panel. Grouting more adjacent cells altered the 
182 
 
 
relative stiffness between the frame and infilled masonry. Relative stiffness increased as 
the number of grouted cells increased from wall DD-1.0-20 to wall QR-1.0-20. The central 
strain of infill is not sensitive to the frame stiffness. However, the corners strain is highly 
affected by the frame stiffness. Stress redistributed in the hollow panels instead of stress 
concentration at the edges that may cause local failure. A stiffer frame has a higher 
strength and also provides a better confinement for the surrounded infilled masonry. As 
a result, as shown in Figure 6.26, the strength and ductility of walls increased as the 
number of grouted cells increased.  
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                                                             (a) TR-1.0-20 
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 (b) QR-1.0-20 
Figure 6.28 Load-deformation curves and wall deformed shape 
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Additionally, the model was used to predict the behavior of PG building under real 
earthquake. The same reinforcement and grouting details of modified walls were used in 
the archetypes as well. Numerical models of prototypes were also simulated in Abaqus 
using the same constituent materials, steel behavior, contacts and details employed in 
walls modeling. Geometry of each archetype is illustrated in Figure 6.29. 
 
                    
                                    (a) SS archetype                                    (b) DD archetype   
                 
 
                                                                        (c) DSJ archetype   
Figure 6.29 Geometry of archetypes 
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Pushover analyses of all modeled archetypes for calculating the parameters are 
shown in Figure 6.30, more details are presented in chapter 7. 
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                          (a) SS archetype                                                 (b) DD archetype   
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                                                                      (c) DSJ archetype   
Figure 6.30 Pushover curves of archetypes 
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6.8 Summary 
Masonry is an anisotropic structure because the presence of different components 
within the assembly. Although, the concepts of concrete modeling are applicable to FG 
masonry, there are difficulties for modeling hollow and PG masonry. Cohesive surface-
based behavior (interface elements) (Abaqus 2015) are used here as a discontinuity for 
hollow and grouted masonry. The mortar joints and concrete masonry units were 
smeared into one homogeneous material using concrete damage plasticity model (CDP). 
The traction-separation behavior of the cohesive element was employed to model the 
mortar joints. Damage initiation was considered based on compressive strength of 
mortar and grout in the hollow and grouted masonry, respectively. A set of tests were 
conducted on masonry assemblages and properties were used as input to the numerical 
model. It is evident from results that the responses predicted by the analysis are 
generally in good agreement with the behavior observed in the experiments for the 
hollow and grouted prisms; shear and diagonal tension assemblages. Grout-filled cells 
tend to reinforce the week mortar bed joints resulting in more continuity and uniformity. 
Therefore, fully grouting the cells of concrete masonry units increased the compressive 
strength, shear strength and diagonal tensile strength of assemblages. The model also 
was able to capture these differences with the minimum error. Shear walls tested and 
reported in chapter 5 were modeled using the developed numerical model and final 
crack patterns and load displacement behavior of the walls were in good agreement with 
the experimental results future studied. The proposed model was extended to model 
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different configurations of PG masonry buildings in order to evaluate their R factors 
needed for the development of design methodology (see chapter 7). 
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7 PROPOSED DESIGN METHODOLOGY 
 
7.1 Introduction 
The vast majority of reinforced masonry construction in the mid-western and 
eastern parts of the US is partially grouted. Previous studies on PG walls have shown that 
design provisions of the masonry standard joint committee, MSJC (2011) code 
significantly overestimate the shear capacity of such walls. As a result of recent research 
studies, Minaei (2010) and Davis et al. (2010), MSJC introduced a reduction factor (less 
than 1.0) in its newest version, MSJC (2013) in order to overcome this problem. The first 
part of this chapter is devoted to this issue by comparing the shear strength of 42 full-
scale PG wall tests available in the literature with the current code expression. Results 
showed that even implementing this factor has not solved the fundamental problem of 
the code shear equation and this expression needs to be viewed from a different 
perspective. The primary reason for this over-estimation can be traced to the assumption 
of linearly varying flexural strains, which proven experimentally not to be the case. The 
goal of the current study is to investigate a new and more realistic approach to the shear 
strength mechanism of PG walls through adopting an infilled wall model as opposed to 
the monolithic wall model that currently underpins the problem with the code’s 
expression. The results of the seven PG walls tested in this program were used to validate 
the proposed model. A new expression, therefore, was developed for PG walls based on 
infilled-frame mechanism. The development of the new expression was assisted by 
refined finite element models developed previously by Bolhassani et al. (2013 and 2015). 
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A parametric study was conducted considering different spacing of reinforced and 
grouted cells, axial compressive loads, masonry compressive strength, and size of steel 
and vertical grouted cells. Finally, the proposed equation was verified with experimental 
results of 42 full-scale PG wall tests available in the literature [Chen et al. (1978), 
Matsumura (1987), Johal and Anderson (1988), Yancey and Scribner (1989), Brammer 
(1995), Schultz (1996), Voon and Ingham (2006) and Voon (2007), Minaie et al. (2010), 
Elmapruk (2010), and Nolph and ElGawady (2012)].  
 
Koutromanos and Shing (2010) argued that the response modification coefficient 
factor, R, adopted in ASCE/SEI 7-10 for PG walls might not meet the performance and 
safety standard in FEMA P695 (ATC 2009). The behavior of PG walls based on proposed 
design detail were studied experimentally (chapter 5) and numerically (chapter 6) using 
cyclic quasi-static and nonlinear static analyses, respectively. After verifying the 
numerical model, it was employed to quantify the seismic performance factors of 
selected proposed wall configurations (single grouted, double grouted and double 
grouted with joint reinforcement) in a single-story building adopting nonlinear static and 
dynamic analyses. Results of incremental dynamic analysis showed that the R factor 
assigned to conventional single reinforcing design details in one story building do not 
pass the acceptance test of the FEMA P695 methodology. However, the double 
reinforced (DD) and double reinforced vertical cells with single bond beam and joint 
reinforcement (DSJ) details proposed in this study showed performance that is consistent 
with current response factors. As a result, MSJC (2013) provision has to restrict PG 
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masonry for seismic design category C and higher to either DD or DSJ. Alternatively, the 
SR detail can be used if an R factor lower than specified by current standards (ASCE 7) is 
used. 
 
7.2 Evaluation of MSJC code shear expression for PG masonry  
Experimental shear strength of walls reported in the literatures (Vexp) is compared 
with the shear strength predicted by MSJC (2013) expression (Vn) and the final results are 
plotted in Figure 7.1a. Surprisingly, MSJC (2013) fails to predict the shear strength of 
walls in 65% of cases. Although the code’s expression cannot exactly predict the shear 
strength of walls, only 36% of specimens fell out of the standard deviation of samples 
(SD=0.25). This overestimation is shown in Figure 7.1a and b using the lower limit and 
histogram plot, respectively. It is citable that upper bound covers the specimens very well 
and few data appear out of the standard deviation limit. Therefore, it can be concluded 
that current MSJC (2013), even after introducing the reduction factor (λ) is still 
unconservative for many of tested walls and, therefore, need to be revised. ElGawady 
(2015) found that grout spacing and horizontal steel effectiveness are two key factors in 
predicting the shear strength of PG walls. He concluded that increasing the grout spacing 
and shear reinforcement have a significant effect on the over-prediction of the code 
expression. Consequently, he introduced two new factors instead of only one general 
reduction factor based on ElGawady and Nolph (2012) and ElGawady and Elmpruk (2011) 
test results. Although these two mentioned factors improved the accuracy of the code’s 
expression, additional parameters need to be taken into account for a more accurate 
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prediction. These parameters include; wall aspect ratio, masonry compressive strength, 
axial load and horizontal spacing between bond beams.  
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Figure 7.1 MSJC shear strength prediction 
 
To that end, the effect of three terms in the MSJC (2013) shear expression 
(masonry contribution Vn-A, axial load Vn-B, and shear reinforcement Vn-C) were 
investigated using available test data. Results show that code’s expression is more un-
conservative when masonry contribution term (Vn-A) increases (Figure 7.2a). Increasing 
the axial load has a negligible effect on the over-prediction of shear strength as shown in 
Figure 7.2b. However, surprisingly, as the shear reinforcement increases the over-
prediction of the code’s expression becomes higher which is in agreement with ElGawady 
(2015) findings (Figure 7.2c).  
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                           (a) Masonry                                                    (b) Axial stress  
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                                                          (c) Shear reinforcement 
Figure 7.2 MSJC shear strength terms 
 
By factoring the net area term from the code’s expression, overestimation can be 
only related to; aspect ratio and 𝑓𝑓𝑚𝑚′ ; axial stress (𝜎𝜎𝑛𝑛); grouted bond beam spacing and 
horizontal reinforcement area for masonry contribution, axial load, and shear 
reinforcement terms, respectively. Figure 7.3 shows the effect of different parameters on 
the accuracy of MSJC shear strength expression. All of these parameters were plotted 
and compared with the shear strength ratio by showing the standard deviation.  
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Figure 7.3 Effect of different parameters on MSJC code accuracy 
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7.2.1 Masonry contribution 
As can be noted from Figure 7.3, low aspect ratio of the wall and high 𝑓𝑓𝑚𝑚′  value 
resulted in lower ratio of experimental values to what is predicted using MSJC shear 
strength expression. As the aspect ratio decreases, the term �4.0 − 1.75 𝑀𝑀
𝑉𝑉𝐿𝐿
� increases. 
Therefore, the masonry contribution becomes higher and consequently, the shear 
expression becomes more unconservative. This increase in masonry contribution can be 
also attributed to 𝑓𝑓𝑚𝑚′ , since by increasing this parameter the shear expression prediction 
becomes greater than values predicted experimentally. Although, a new reduction factor 
has been introduced for compensating the code’s over-prediction, these results are still 
in parallel with Minaie (2010) findings that was based on MSJC (2008) and showed that 
the code’s expression is unconservative.  
 
7.2.2 Axial stress 
Apparently, the level of axial stress calculated based on net area has a little effect 
on the accuracy of the MSJC (2013) strength expression (Figure 7.3c). However, it should 
be noted that, before applying the reduction factor, the effect of axial load was much 
more conservative than after introducing this parameter. Minaie (2010) showed that the 
average trend line considering the effect of axial stress has about 20% difference with the 
experimental results in its maximum state. However, the expression becomes more 
unconservative after implementing the reduction factor.  
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7.2.3 Shear reinforcement 
Shear reinforcement term in the code’s expression is calculated on the basis of 0.5𝐴𝐴ℎ𝑓𝑓𝑦𝑦ℎ 𝑡𝑡𝑣𝑣 𝑠𝑠ℎ⁄ . This term is associated with the horizontal reinforcement area and the 
spacing of horizontal grouted bond beams. Figure 7.3d and e show that horizontal 
spacing between bond beams has an insignificant effect on the accuracy of code’s 
expression. However, as the amount of horizontal steel increases, the code’s shear 
expression becomes more unconservative. This finding is also in agreement with 
ElGawady (2015) findings on the effect of shear reinforcement. This issue was addressed 
for the first time by Anderson and Priestley (1992). They argued that the insignificant 
effect of the horizontal shear reinforcement is due to insufficient bar development length 
especially at the lower and upper level’s bond beams. Therefore, it can be concluded that 
increasing the shear reinforcement have a significant influence on the over-prediction of 
the code’s expression.  
 
In addition to parameters mentioned above, the spacing between vertical grouted 
cells were also investigated and the results are plotted in Figure 7.3f. As previously 
described, code’s equation was developed for FG reinforced masonry. Therefore, this 
parameter was not included in the shear expression. From the results given in the plot, it 
can be observed that increasing the vertical spacing between cells increases the over-
prediction of the code shear expression. Code’s expression reasonably predict the shear 
strength of PG walls with horizontal and vertical grouted spaced less than 4ft (1.2 m). 
However, by increasing the grout spacing, cod’s expression becomes less accurate. 
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Therefore, this research focuses on developing a shear equation for PG walls with grout 
spacing larger than 4 ft (1.2 m).  
 
7.3 Investigating infilled-frame mechanism for PG walls 
Appling a diagonal load to a bare hollow or ungrouted masonry panel results in an 
abrupt tensile failure initiated by a stepped crack at the block-mortar interfaces. In the 
grouted specimens, however, the failure plane followed a straight line through a 
combination of head joints and masonry units. This behavior was investigated 
experimentally by Hamid et al. (2013) and numerically by ElDakhakhni (2000) and 
Bolhassani et al. (2015) using ANSYS 5.3 and Abaqus 6.10 finite element programs, 
respectively. Figure 7.4 shows the test specimen and test setup representing the 
standard diagonal tension test (ASTM E-519) in addition to the finite element model 
employed herein to model this diagonally-loaded specimen.  
 
 
 
 
 
 
 
                              (a) Test setup                               (b) Principal strain contours 
Figure 7.4 Diagonal tension specimen (Bolhassani et al. 2015) 
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The minimum principle stress of diagonal tension specimen is plotted in Figure 7.5. 
Plots show that, as the diagonal load increases, compression struts start to form reaching 
three struts before failure takes place (Figure 7.5).  These compression zones are forming 
between the head joints at each course continuing to the below courses all the way from 
top to bottom.  
 
Figure 7.5 Minimum principal stress contours obtained at different load stages using 
Abaqus 
 
Opposed to the bare panel, when a diagonal crack initiate within an infilled-panel, it 
can still carry load due to partial confinement that frame offers to the infill panel. 
Polyakov (1956), Stafford-Smith and Carter (1969), and Saneinejad and Hobbs (1995) 
reported that this partial confinement prevents sudden failure of the panel and provides 
more strength and deformation capacity to the masonry panel. Separation between the 
frame and the infilled reduces the contact length. However, even this confinement would 
be enough for new diagonal cracks to form within the panel until reaching its ultimate 
strength (Figure 7.6a).  
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Polyakov (1956) reported that the tensile stress is equal to zero at both ends of the 
tensile diagonal path of infilled-frames and reaches maximum at the middle of the 
diagonal. This scenario for compressive stress is the reverse (Figure 7.6b).  
 
  
 
 
 
 
 
                               a) Forming strut                           b) tensile and compressive stresses                
                                                                                          distribution on infilled-frame 
 
Figure 7.6 Strut mechanism and stress distribution of infilled-frame, Polyakov (1956)  
 
Stafford-Smith (1969) altered the length of contact between the frame and the infill 
by changing their relative stiffness. Results showed that the central strain of the infill is 
not sensitive to the contact length and frame stiffness. However, as can be seen from 
Figure 7.7, the corners strain is highly affected by contact size and frame stiffness.             
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Figure 7.7 Compressive strain distribution along compressive diagonal length for different 
contact size, Stafford-Smith (1969) 
 
Three types of crack can be recognizing in infilled-frames; crack at boundaries, 
diagonal cracks, and toe crushing, Polyakov (1956). Discontinuities between the frame 
and the infill close to the tensile zones at lateral load resulting in about one tenth of wall 
strength is called boundary crack. These cracks do not have any effect on the strength of 
frames, and only reduce the initial stiffness of the frame. The force-displacement 
relationship remains linear after the formation of boundary cracks. Nonlinear-plastic 
behavior of the infilled-frame begins by showing diagonal cracks at the center of the infill. 
These cracks initiate at the center of the infill’s diagonal due to high tensile stress at this 
locations. Infill cracks are divided into two categories, tensile and shear diagonal cracks. 
Finally, by increasing the load, the infill will be crushed at the corners showing 
dramatically reduced stiffness or forming plastic hinges in the frame. All these 
mechanisms were also observed in PG walls [reported by Shing (1990), Schultz (1996 a, 
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b), Minaei (2010) and Bolhassani et al. (2015)]. Figure 7.8 is depicting the crack 
propagation and different load-displacement stages for an infilled-frame structure. 
 
                     
            Figure 7.8 Infill frame failure mechanism, Polyakov (1956) 
 
PG masonry walls consist of hollow and grouted portions including reinforced 
vertical grouted cells and bond beams. The behavior of vertical grouted cells and 
horizontal bond beams (grouted parts) are similar to reinforced concrete frame. 
However, RC frames have more reinforcement in the concrete elements than grouted 
masonry elements. Although the strength of reinforced cells of PG walls is not the same 
as common reinforced concrete frame, the overall behavior of these two systems is 
similar.  
 
Although the behavior of grouted parts of PG masonry and RC frame is similar, 
there is a distinct difference in the interaction mechanism between a masonry frame and 
infill with that of infilled-frame. This discrepancy is attributed to the length of units 
extending from the vertical grouted cells. As noted in Figure 7.9, a stepped-wise surface 
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due to unit interaction with the infill instead of concrete frame straight plane. Therefore, 
the interaction mechanism of infilled concrete masonry frame within the PG wall cannot 
be accurately described by Stafford-Smith model because of unit interlocking of frame 
with the hollow infill. Since grouted frame within the wall confines the hollow masonry 
infill no separation can be observed between the two elements. However, infilled-
reinforced concrete frame behaves the same as predicted by Stafford-Smith model 
because of weak interaction between the RC frame and the masonry infill due to low 
cohesive bond and friction.  
 
 
 
 
 
 
 
                        a) Grouted concrete masonry              b) Reinforced concrete frame 
                             frame as a part of the wall 
 
        Figure 7.9 Interaction of infill with frame 
 
To investigate the infilled-frame mechanism in PG walls a simplified micro model of 
PG walls tested experimentally by Bolhassani et al. (2014) was built in Abaqus. A 
simplified 3D micro model was employed to build the model by considering the units, the 
grout and their interfaces. Masonry units and grout are modeled as solid blocks and solid 
201 
 
 
concrete, respectively. For simplicity, only the thickness of units’ face-shells was 
considered when modeling the hollow units in the panels. Details of the model are shown 
in Figure 7.10. Additionally, mortar joints and blocks are combined into a homogeneous 
unit material using Abaqus concrete damage plasticity (CDP) model. Interface elements 
were also employed to model the discontinuity between the hollow units using cohesive 
surface-based behavior. This model was verified using the experimental results of grout, 
unit, mortar and also different hollow and grouted masonry assemblages (Bolhassani et 
al. 2015). It is worth mentioning that the model was able to successfully capture the 
stress and strain curve, crack pattern and strain distribution of hollow and grouted 
assemblages. As a result, the same model was employed in the current study for 
modeling the wall specimens. 
 
 Figure 7.10 Model detail 
 
Figure 7.11 shows a comparison between the experimental and numerical results 
regarding crack pattern and load displacement relationship for the singly grouted wall 
specimen. Before forming cracks at the edges of the wall, stepped-wise cracks initialized 
at the center of the hollow panels due to shear action. The size of cracks at the middle of 
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the hollow panels increased as the lateral imposed displacement increased. Higher 
tensile stress concentration with increased load caused these cracks to widen diagonally 
until ultimate failure of the masonry infill. With increasing the lateral load cracks 
developed at the edges of the hollow panel, close to the intersection between the middle 
bond beam and the vertical grouted cells. Finally, these cracks propagated in the grouted 
cells because of weak connection (using single bar in the wall) between the lower bond 
beam and the vertical grouted cells. As a result, no coupling took place and a large 
portion of the load was transmitted directly through the frame to the wall toes causing 
toe crushing at the ends.  
 
The same mechanism was observed in the numerical model. The minimum principal 
stress of the wall at different stages of the test is plotted in Figure 7.11. As shown in 
Figure 7.11i, wall behaves elastically up to point d and it reaches to the maximum load at 
point f, test was stopped by criterion that the degradation of load fell below 80% of the 
maximum load (point g). It can be seen that in the elastic zone both the frame and the 
infill contributed in load carrying by showing stress distribution at the edges of the frame 
and forming uniform struts in the infill (Figure 7.11a to d show how compression struts 
are forming). At the maximum load, five struts in each panel and the frame were carrying 
the load, as shown in Figure 7.11f. Additionally, plastic hinges began to form in the frame. 
At the failure point, the number of struts becomes less by forming diagonal cracks in the 
panels and these strut mechanisms cannot transfer the load anymore.  
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a-g) Minimum principal stress at different stages of applying load, h) Experimental final 
crack pattern 
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                               i) Experimental and numerical load-displacement curves 
Figure 7.11 Numerical and experimental results for singly grouted wall 
 
They completely disappear at the center of bottom panels by remaining only two 
struts. At this load level, the frame compensates the role of vanished struts and as can be 
seen in Figure 7.11g, numbers of plastic hinges form in the frame due to high amount of 
load. Although, the top part of the wall still can carry more load, wall fail due to bottom 
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part failure which is attributed to both panel and frame. The numerical results are 
generally in good agreement with the test results at different stages. Not only the final 
results of the test are predicted but also, model is able to show the mechanism of stress 
pattern in the wall. It can be concluded that mechanical properties of PG wall such as 
shear strength can be simulated using infilled-frame concept. However, these struts are 
formed based on the number of restrained half units in the grouted cells, see Figure 7.12.  
 
Figure 7.12 schematically shows the number of struts that are attributed to the wall 
load-carrying mechanism at peak load (Figure 7.12f). The width of all struts are the same 
and can be approximately equal to: 𝑤𝑤 = 𝐿𝐿𝑢𝑢
2
sin𝜃𝜃, where 𝑙𝑙𝑢𝑢 is the length of the unit, as 
shown in Figure 7.12. 
  
            Figure 7.12 Strut configuration 
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7.4 Proposed shear strength equation 
Ultimate strength of infilled-frame is a function of two parameters; infill and frame 
shear strengths. Therefore, the below expression is proposed for calculating the shear 
strength of PG wall based on the infilled-frame theory.  
 𝑉𝑉𝑛𝑛 = 𝑉𝑉𝑖𝑖𝑛𝑛𝑓𝑓𝑖𝑖𝑙𝑙𝑙𝑙 + 𝑉𝑉𝑓𝑓𝑓𝑓𝑎𝑎𝑚𝑚𝑒𝑒                                                                                                          Eq.  7.1 
 
where, 𝑉𝑉𝑖𝑖𝑛𝑛𝑓𝑓𝑖𝑖𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑚𝑚𝑎𝑎𝑠𝑠𝑚𝑚𝑛𝑛𝑓𝑓𝑦𝑦 + 𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑙𝑙 𝑙𝑙𝑚𝑚𝑎𝑎𝑑𝑑                                                                            Eq.  7.2 
 
7.4.1 Infill contribution  
As shown in Figure 7.13, this idealization is simple and intuitive to use in 
conventional computer codes for analysis of frames. The axial force in the equivalent 
strut is calculated directly. Because the real infill is idealized as an equivalent strut, the 
forces in the frame elements bounding the infill must be slightly adjusted. Once the force 
in the equivalent diagonal strut is calculated, it is necessary to compare that force with 
the strength of the infill, and to design the infill.  
 
 
     Figure 7.13 Idealization of equivalent strut 
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As discussed earlier, three struts are formed while the wall reaches at its peak. 
These struts as presented in the numerical modeling are formed based on the 
compression stress flow in the infills. Compression struts in the wall are idealized with 
three uniform struts as shown in Figure 7.14b. The middle strut is shown by red line is the 
only one which reaches to its ultimate strength and as can be seen in Figure 7.14g, his 
strut disappear after the peak stage. Since the other struts are functional even after the 
peak, therefore, instead of considering three struts, only one equivalent strut has been 
assigned for each panel as can be seen in Figure 7.14c for the analytical purpose and 
simplification of the shear equation. The horizontal components of this strut would be 
equal to the shear strength of each panel. Infills have been shown by experiment to have 
three possible failure modes: local crushing of the infill at the corner; mixed-mode failure 
caused by racking deformation of the bay in which the infill is placed; a shearing failure of 
the infill along a bed joint. Since the effect of confinement was considered in forming 
different struts, even after they cracked, the shear failure strength of diagonal tension 
specimens is considered here as the ultimate strength of struts (Eq. 7.3). Shear cracks in 
masonry without shear reinforcement cannot be tolerated, can propagate into 
compression face, reducing effective compression area, area to resist shear. Therefore, 
nominal shear stress at which diagonal tension cracks form and propagate can be 
expressed as: 𝑉𝑉𝑐𝑐 = 2𝐴𝐴�𝑓𝑓𝑐𝑐′ (ACI 318-05, Eq. 11-3). 
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                                (a) PG wall                                       (b) Three struts model 
 
 
 
 
 
 
 
                            (c) Equivalent strut                                 (d) Equivalent PG wall 
Figure 7.14 Idealization of equivalent strut 
 
𝜏𝜏𝐷𝐷𝐷𝐷 = 2�𝑓𝑓𝑚𝑚′  𝑑𝑑𝑖𝑖𝑎𝑎𝑔𝑔𝑚𝑚𝑛𝑛𝑎𝑎𝑙𝑙 𝑓𝑓𝑚𝑚𝑓𝑓𝑐𝑐𝑒𝑒 𝑖𝑖𝑛𝑛 𝑒𝑒𝑒𝑒𝑢𝑢𝑖𝑖𝑣𝑣𝑎𝑎𝑙𝑙𝑎𝑎𝑛𝑛𝑡𝑡 𝑠𝑠𝑡𝑡𝑓𝑓𝑢𝑢𝑡𝑡�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝑓𝑓 = 2𝐴𝐴𝑠𝑠𝑡𝑡𝑓𝑓𝑢𝑢𝑡𝑡�𝑓𝑓𝑚𝑚′                                    Eq.  7.3 
 
where, 𝐴𝐴𝑠𝑠𝑡𝑡𝑓𝑓𝑢𝑢𝑡𝑡 is 𝑤𝑤𝑡𝑡𝑒𝑒𝑓𝑓𝑓𝑓. Therefore, the horizontal component of shear strength in each 
panel can be calculated as below; 
𝑉𝑉𝑚𝑚 = 2𝑤𝑤𝑡𝑡𝑒𝑒𝑓𝑓𝑓𝑓 �𝑓𝑓𝑚𝑚′ cos𝜃𝜃                                                                                                      Eq.  7.4 
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After crack initiation the panel can still carry load due to friction. The Coulomb’s law 
equation for shear strength due to friction has been implemented here, however, the 
cohesive term will be ignored due to presence of diagonal crack in the panel. Therefore, 
the extra shear strength due to presence of axial load can be written as; 
𝑉𝑉𝑙𝑙𝑚𝑚𝑎𝑎𝑑𝑑 = 𝜇𝜇𝑃𝑃𝑖𝑖𝑛𝑛𝑓𝑓                                                                                                                        Eq.  7.5 
 
where, 𝑃𝑃𝑖𝑖𝑛𝑛𝑓𝑓𝑖𝑖𝑙𝑙𝑙𝑙 is defined based on the relative stiffness between frame grouted cells and 
infilled components and the vertical component of equivalent strut (Eq. 7.5). This is 
associated to the ratio of panel area to that of grouted cells. It should be noted that only 
half of each grouted cells located in the center is involved for a single panel.  
𝑃𝑃𝑖𝑖𝑛𝑛𝑓𝑓 =  𝑃𝑃∗𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖(𝑛𝑛−1) [𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖+1.5 𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣] + 𝑤𝑤𝑡𝑡𝑒𝑒�𝑓𝑓𝑚𝑚′ 𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠(𝑛𝑛−1)                                                                 Eq.  7.6 
 
𝐴𝐴𝑣𝑣𝑔𝑔𝑐𝑐 = 𝐴𝐴𝑔𝑔𝑐𝑐 + 𝐴𝐴𝑠𝑠(𝐸𝐸𝑠𝑠𝐸𝐸𝑣𝑣 − 1)                                                                                            Eq.  7.7 
 
Finally, the shear strength of each panel is driven by summation of 𝑉𝑉𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 
𝑉𝑉𝑙𝑙𝑚𝑚𝑎𝑎𝑑𝑑 as follow; 
𝑉𝑉𝑖𝑖𝑛𝑛𝑓𝑓 = 2𝑤𝑤𝑡𝑡𝑒𝑒𝑓𝑓𝑓𝑓 �𝑓𝑓𝑚𝑚′ cos𝜃𝜃 + 𝜇𝜇𝑃𝑃𝑖𝑖𝑛𝑛𝑓𝑓                                                                                     Eq.  7.8 
 
7.4.2 Frame contribution 
No base moments are considered for the frame due to use of single bar in the 
grouted cells as a common detail configuration of PG walls. The shear strength that the 
frame can obtain is considered only based on the plastic hinges forming in the vertical 
grouted cells. There are two scenarios concerning to infilled-frame strength; weak frame-
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stiff infill and strong frame-weak infill. Weak frame-stiff infill mechanism due to small 
amount of reinforcement in grouted cells and bond beams was observed in the 
numerical and experimental study as discussed earlier (Figure 7.15 indicates the number 
and location of these mechanisms). The shear resistance of the frame in each panel, can 
be expressed as following expression by taking moment about point A in the column 
segment AB: 
𝑉𝑉𝑝𝑝𝑎𝑎𝑛𝑛𝑒𝑒𝑙𝑙 = 4𝑀𝑀𝑝𝑝ℎ                                                                                                                       Eq.  7.9 
 
so the total shear strength of frame would be; 
𝑉𝑉𝑓𝑓𝑓𝑓𝑎𝑎𝑚𝑚𝑒𝑒 = 4 (n−1)𝑀𝑀𝑝𝑝ℎ                                                                                                         Eq.  7.10 
 
where, h is the space between the first two horizontal bond beams at the bottom of walls 
as shown in Figure 7.16 and also n (≥2) is the number of vertical grouted cells (piers) and 
will be discussed in the next part for generalizing the expression for different PG masonry 
configurations.   
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Figure 7.15 Failure mode shapes, location of plastic hinges and force diagram for the 
frame 
 
PG walls can be constructed using different grout/reinforcement spacing (s) as 
shows in Figure 7.16. Therefore, n can be calculated as: 
𝑚𝑚 =  L
𝑠𝑠𝑣𝑣
+ 1                                                                                                                        Eq.  7.11 
 
where, L is the wall length and sv is spacing of vertical cell/steel.  
211 
 
 
It is to be noted that the proposed equation is applicable to walls with vertical and 
horizontal grout spacing more than 4 ft (1.2 m). Walls with grout spacing less than 4 ft 
(1.2 m) act more like a monolithic wall and code current shear equation is adequate.   
 
Figure 7.16 Definition of h and n for different PG masonry wall configurations 
  
Therefore, the general shear equation can be presented as; 
𝑉𝑉𝑛𝑛 = (𝑚𝑚 − 1) [𝑤𝑤𝑡𝑡𝑒𝑒  �𝑓𝑓𝑚𝑚′ cos𝜃𝜃 + 𝜇𝜇𝑃𝑃𝑖𝑖𝑛𝑛𝑓𝑓 + 4𝑀𝑀𝑝𝑝ℎ ]                                                Eq.  7.12 
 
7.4.3 Parametric study and model verification 
The model was used to predict the shear strength of two walls that were tested. 
Model predicted the shear strength of SR and DR walls of 36 and 46 kips (160 and 207 
kN), respectively. The model showed only 5% and 6% errors in predicting the shear 
strength of these walls compared to the experimental values. This excellent agreement 
clearly demonstrates adequacy and efficiency of the analytical model used in this study. 
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For investigating the effect of different parameters presented in the Eq. 7.11 on the 
shear strength formula, a simple parametric study is reported here. For this purpose, the 
effects of parameters; 𝑚𝑚, 𝑓𝑓𝑚𝑚′ ,𝑃𝑃 and 𝑀𝑀𝑝𝑝 are investigated. In each try all other numbers 
were considered constant using 7.6, 2.5, 1, 0.25 and 9.8 ft (194 mm, 65 mm, 1, 0.25 and 
3 m) values for 𝑤𝑤, 𝑡𝑡𝑒𝑒 , 𝑐𝑐𝑚𝑚𝑠𝑠𝜃𝜃, 𝜇𝜇 and 𝐻𝐻 , respectively and results are plotted in Figure 7.17.   
 
It is notable that n, as expected, has a considerable effect on the shear strength 
formula and doubling the number of vertical grouted cells almost doubled the shear 
strength of the wall. Frame (reinforced grouted vertical cells) plastic moment 
(percentage/amount of vertical steel), having a direct effect on the shear strength is the 
next important parameter. Results showed that, increasing the size or number of vertical 
grouted cells increases the shear strength that frame can carry. Consequently, the shear 
strength of the wall increases. However, masonry compressive strength and axial load 
parameters show insignificant effect 
 
The shear strength of database was evaluated using the proposed expression (Eq. 
7.12) and plotted in Figure 7.18, in addition to shear strength predicted by MSJC (2013). 
In cases where the shear strength is less than 22.5 kips (100 kN), the proposed 
expression predicts the exact value of wall shear strength. However, in the other cases, 
the expression tends to be more conservative and only in one specimen, the proposed 
expression could not predict the shear strength conservatively. As can be seen from the 
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Figure 7.18, the proposed expression provides more accurately results when compared 
with experimental data. 
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Figure 7.17 Parametric study  
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Figure 7.18 Measured vs. nominal shear strength of database (MSJC 2013 and proposed 
model) 
 
7.5 R factor 
Ordinary reinforced masonry (ORM) structures are used in the SDC A, B and C. 
These walls can be either fully or partially grouted. The seismic performance of PG 
reinforced masonry wall systems has not been well studied and only few studies have 
been conducted on partially grouted ORM shear wall buildings. Nolph (2010), Minaie 
(2009), Minaie et al. (2010), Koutromanos and Shing (2010), Nolph and ElGawady (2012) 
have found some potential issues with this type of construction. First, the performance of 
PG masonry shear walls may not be as consistent as that of FG masonry in terms of 
variability. Second, the response modification coefficient factor, R, adopted in ASCE/SEI 
7-10 for PG walls might not meet the performance and safety standard of FEMA P695 
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(ATC 2009). Furthermore, these studies, as well as Schultz (2001), indicate that the 
strength design provisions in the masonry building code are not applicable because they 
are based on experimental data obtained from FG walls. The first two items are 
associated with design issues of such system. However, the last issue is about the 
accuracy of shear expression adopted in the MSJC (2013) code. Since many of PG walls 
are used for public and commercial buildings, their seismic performance is highly relevant 
to public safety. Therefore, issues related to the design of such buildings are covered in 
the following sections. 
 
 ASCE/SEI 7-10 specifies that R and over-strength (Ω) factors of ordinary load-
bearing reinforced masonry wall systems are 2 and 2.5, respectively. A recommended 
methodology for reliably quantifying building system performance and calculating 
response parameters of buildings, has been recently developed under the FEMA P695 
effort (ATC 2009) for use in performance-based seismic design. These global seismic 
performance factors, including the R factor, Ω factor, and deflection amplification factor 
(Cd), are calculated using a rational basis used in the proposed methodology. This 
methodology achieves its limit states by requiring an acceptable low probability of 
structural collapse. This has been performed using incremental dynamic analysis (IDA) 
while the system is subjected to maximum considered earthquake (MCE) ground motion. 
The original factors have been assigned to the structural systems based mostly on 
engineering judgments, qualitative comparison with the most known similar systems and 
also results of tests walls under a design earthquake. The low value of R assigned for PG 
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walls in the code implies that these systems cannot go under severe nonlinear 
deformation in a design earthquake. However, to meet the requirements of this 
methodology, the walls should be tested under MCE ground motion and the 
performance of such walls under an extreme seismic event like the MCE is not well 
understood.  
 
According to the methodology, acceptable performance is defined by two basic 
collapse preventions. First, the probability of collapse for MCE ground motion should not 
exceed 10%, on average, across a performance group. Second, the probability of collapse 
for MCE ground motion should not exceed 20% for each index specimen within a 
performance group. The adjusted collapse margin ratio (ACMR) is defined as the ratio of 
the median 5%-damped spectral acceleration of the collapse level ground motion to the 
5%-damped spectral acceleration of the MCE ground motion times the spectral shape 
factor. Acceptable performance is satisfied when ACMR is higher than 10% on average 
across a performance group (ACMR10%), and 20% for each index archetype within a 
performance group (ACMR 20%). One of the first attempts to evaluate PG ordinary 
masonry walls according to the proposed methodology was conducted by Koutromanos 
and Shing (2010). Their results show that PG ordinary reinforced masonry walls designed 
according to current code provisions might not meet this criterion. As a result, in order to 
permit use of such a system in SDC C or higher, a lower R factor or other changes in 
design requirements are necessary.  
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To ensure the safety of PG walls in low-probability but high-consequence seismic 
events, first, the seismic performance of such a system need to be carefully evaluated. In 
case the existing design detail could not satisfy the code’s limitation and safety criteria, 
then a new method, that is economically competitive and compatible with the expected 
seismic risk, needs to be developed. Hence, this research has focused on the seismic 
performance of PG walls with two different details; single reinforcing conventional detail 
contained in the MSJC (2013) and another proposed reinforcement detail with double 
reinforcing vertical grouted cells and grouted horizontal bond beams. First, the 
commonly used PG design details, singly reinforced (SR) were evaluated experimentally 
and numerically. Cyclic behavior of the wall constructed using the SR detail was 
experimentally tested by checking the shear strength, crack pattern, failure mode and 
ductility. Then, a numerical model using simplified micro modeling was performed to 
evaluate the mechanical properties of the wall under the push-over and nonlinear 
dynamic analysis. Results of numerical modeling were implemented to calculate the 
global seismic performance factors of the wall using FEMA P695. Incremental dynamic 
analysis (IDA) is performed employing different earthquake ground motion databases; 
Chi-Chi (Taiwan) 1999, Friuli (Italy) 1976, Hollister (USA) 1961, Imperial Valley (USA) 1979, 
Kobe (Japan) 1995, Kocaeli (Turkey) 1999, Landers (USA) 1992, Loma Prieta (USA) 1989, 
Northridge (USA) 1994, Superstition Hills (USA) 1987, and Trinidad (USA) 1983. Results of 
experimental and numerical modeling showed that the commonly-used SR design detail 
does not meet the design criteria. The same procedure was performed on the proposed 
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design details (DR and DR-JR) and satisfactory results, meeting the design criteria, were 
achieved.  
 
7.6 Quantification of seismic performance factors  
The methodology for quantifying building system performance in FEMA P695 (ATC 
2009) was used to determine the global seismic performance factors including the R, Ω, 
and deflection amplification (Cd) for PG masonry. This methodology achieves its limit 
states by requiring an acceptable low probability of structural collapse. This was 
performed using incremental dynamic analysis (IDA) while the system was subjected to 
maximum considered earthquake (MCE) ground motion. The low value of R assigned for 
PG walls in the code implies that these systems cannot go under severe nonlinear 
deformation in a design earthquake. In order to shed more light on this issue, different 
PG masonry archetypes using conventional (singly reinforced) and proposed improved 
reinforcement (doubly reinforced) details were numerically investigated. Figure 7.19 
shows the details of a one story building employed here as an archetype, designed based 
on current code and tested on the shake-table at University of California San-Diego. More 
details about this archetype building can be found in Koutras and Shing (2014, 2015). 
         
Figure 7.19 Conventional design detail of one story PG masonry building Koutras and 
Shing (2014) 
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The same reinforcement and grouting details of modified walls (DD-1.0-20) were 
used in the archetypes as well. Numerical models of prototypes were also simulated in 
Abaqus using the same constituent materials, steel behavior, contacts and details 
employed in walls modeling. Geometry of each archetype along with mesh distribution is 
illustrated in Figure 7.20. 
 
                                                        (a) SS archetype building   
 
                                                          (b) DD archetype building 
 
                                                          (c) DSJ archetype building 
Figure 7.20 Geometry and mesh of archetypes building  
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7.6.1 6.1 Nonlinear static and dynamic analyses 
 
Idealized pushover curve and definitions of the maximum base shear capacity, Vmax  
and the ultimate displacement, δu are shown in Figure 7.21 where δu is the roof 
displacement at the point of 20% strength loss (Vu= 0.8 Vmax) and Vmax  is taken as the 
maximum base shear strength on the pushover curve. To compute the archetype 
overstrength, Ω, and period-based ductility, μT a set of nonlinear static pushover analysis 
were performed to quantify Vmax and δu. In order to quantify these values, the lateral 
loads were applied monotonically until a loss of 20% of the base shear capacity (0.8Vmax) 
was achieved. The ratio of the maximum base shear resistance, Vmax, to the design base 
shear, V, as shown in Eq. 7.12, called the overstrength factor for a given index archetype 
model.  𝛺𝛺 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉
                                                                                                                              Eq.  7.13 
 
                                                
Figure 7.21 Idealized nonlinear static pushover curve (FEMA P695, ATC 2009) 
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Also, the ratio of the ultimate roof drift displacement, δu, (defined as shown in 
Figure 7.21) to the effective yield roof drift displacement δy,eff is defined as the period-
based ductility for a given index archetype model, μT. 
𝜇𝜇𝐷𝐷  = 𝛿𝛿𝑢𝑢𝛿𝛿𝑦𝑦,𝑒𝑒𝑖𝑖𝑖𝑖                                                                                                                           Eq.  7.14 
 
The effective yield roof drift displacement is as given by the formula: 
𝛾𝛾𝑦𝑦,𝑒𝑒𝑓𝑓𝑓𝑓 = 𝐶𝐶0 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑊𝑊  � 𝑔𝑔4𝜋𝜋2� �𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇,𝑇𝑇1)�2                                                                           Eq.  7.15 
 
where, g is the gravity constant, T is the fundamental period, and T1 is the 
fundamental period of the archetype model computed using eigenvalue analysis, C0 
relates fundamental-mode (single degree of freedom) displacement to roof 
displacement, Vmax/W is the maximum base shear normalized by building weight. 
Pushover analyses of all modeled archetypes for calculating the parameters are shown in 
Figure 7.22. In addition, shear strength, overstrength factor and period based ductility of 
archetypes are presented in Table 7.1. As shown in the table, archetype building with 
proposed D detail shows a 102% increase deformation capacity (measured by μT) 
compared to conventional S detail. 
Table 7.1 Shear strength, overstrength factor and period-based ductility of archetypes 
Arch. ID T, T1 (sec) 
Vbase  
kips (kN) 
Vmax  
Kips (kN) 
𝜹𝜹𝒚𝒚,𝒆𝒆𝒆𝒆𝒆𝒆 𝜹𝜹𝒖𝒖 𝜴𝜴 𝝁𝝁𝑻𝑻 
SS 0.25, 0.043 
102 
(453.7) 
280 
(1245.5) 0.0010 0.0033 2.74 3.17 
DD 0.25, 0.034 114 (507.1) 
415 
(1846.2) 0.0007 0.0045 3.64 6.43 
DSJ 0.25, 0.038 107 (475.9) 
340 
(1512.4) 0.0009 0.0061 2.74 6.38 
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                            (a) SS archetype                                                 (b) DD archetype   
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                                                                  (c) DSJ archetype   
Figure 7.22 Pushover curves of archetypes 
 
A detailed incremental dynamic analysis (IDA) was performed to calculate the 
collapse performance of the archetypes. All the archetypes were subjected to a set of 11 
far-field records as defined in methodology, all records have a relatively large magnitude 
of 6 to 7. Figure 7.23 shows the response spectrum of considered earthquake ground 
motions. All the records were scaled up until collapse obtained, to cover the entire range 
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of structural response, a factor was implemented in such a way that structure behaves 
from elastic range to yielding, all the way to dynamic instability (i.e. at least one member 
of the structure collapse). In summation, 160 different nonlinear dynamic analyses were 
performed. IDA curves were built based on damage measure (peak roof drift) versus the 
ground motion intensity level at 5%-damped first-mode spectral acceleration. Then, 
collapse points were defined based on 20% reduction on the slope of each curve or the 
dynamic instability of the structure. The median collapse spectral (SCT) was calculated 
based on the median spectral acceleration of the records at the structural natural period, 
T. Additionally, for calculating the CMR, maximum considered earthquake level spectral 
acceleration at the natural period of structure, SMT, was also calculated for all the 
archetypes. 
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Figure 7.23 Response spectrums of selected earthquakes 
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7.6.2 Performance evaluation 
According to the methodology, acceptable performance is defined by two basic 
collapse preventions. First, the probability of collapse for MCE ground motion should not 
exceed 10%, on average, across a performance group. Second, the probability of collapse 
for MCE ground motion should not exceed 20% for each index specimen within a 
performance group. The acceptable performance is satisfied when the adjusted collapse 
margin ratio (ACMR) (the ratio of the median 5%-damped spectral acceleration of the 
collapse level ground motion to the 5%-damped spectral acceleration of the MCE ground 
motion times spectral shape factor) is higher than both 10% and 20% acceptable values 
of adjusted collapse margin ratio (ACMR10% and 20%) ACMR calculated as:  
ACMRi=SSFixCMRi                                                                                                                Eq.  7.16 
 
where, SSF (spectral shape factor) is a function of fundamental period, T, the SDC, 
and μT. SSF can be determined using Table 7-1 of ATC-63. The values of ACMR10% and 20% 
were determined based on the total system collapse uncertainty (βTOT) using Table 7-2 
and Table 7-3 in ATC-63. The quality rating determined for all the archetypes were 
assumed the same by considering class C, B and A for design requirement, test data, and 
nonlinear models, respectively.  
 
By fitting a lognormal distribution through a cumulative distribution function (CDF) 
of collapse data from IDA, collapse fragility curves of all archetypes were plotted. Results 
are depicted in Figure 7.24 for all archetypes. These curves relate the probability of 
collapse to the ground motion intensity. As can be seen, ground motion intensity at 50% 
225 
 
 
collapse probability (SCT) is 32.17 ft/s2 (1g), 64.35 ft/s2 (2g), and 70.78 ft/s2 (2.2g) for SR, 
DR, and DR-JR archetypes, respectively. Additionally, as mentioned earlier SMT of all 
archetypes are 24.13 ft/s2 (0.75 g). This clearly demonstrates enhanced seismic 
performance using the proposed D detail. 
                
                                (a) SS archetype                                                 (b) DD archetype   
 
                                
                                                                     (c) DSJ archetype   
  Figure 7.24 Collapse fragility curves of archetypes 
 
 
Finally, the acceptance ACMR values were compared with the calculated ACMRs for 
each archetype and results were summarized in Table 7.2. As shown in Table 7.2, the 
conventional design detail (i.e. SS) fails to meet the FEMA P695 methodology. However, 
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both modified design details passed the criteria. These results indicate that one story PG 
ordinary reinforcement masonry building consistent with current practice of using single 
reinforcing is not meeting the methodology criteria and in order to permit a lower R 
value changes in design requirements would be necessary.   
  
Table 7.2 Summary of incremental dynamic analyses, collapse margins, and comparison 
to acceptance criteria of all archetypes 
Archetype ID SMT [T] ft/s2 (g) 
SCT [T] 
ft/s2 (g) CMR SSF ACMR 
Accept. 
ACMR Pass/Fail 
SS 24.13 (0.75) 
32.17 
(1) 1.33 1.08 1.43 1.62 Fail 
DD 
24.13 
(0.75) 
64.35 
(2) 2.67 1.12 2.99 1.62 Pass 
DSJ 24.13 (0.75) 
70.78 
(2.2) 2.93 1.12 3.28 1.62 Pass 
 
 
7.7 Summary 
Results showed that even implementing a 𝛾𝛾 factor in the current MSJC code 
equation for shear strength of PG walls has not solved the fundamental problem of the 
over-estimation of the shear strength. The current study investigated a new approach to 
the shear strength mechanism of PG walls through adopting an infilled wall model as 
opposed to the monolithic wall model used in developing the code’s provisions that was 
based on test results of FG walls with a correction factor (<1) for PG walls. Therefore, a 
new expression has been developed for PG walls based on infilled-frame mechanism. It 
was concluded that the shear mechanism of PG walls can be predicted using the same 
concept for infilled-frame. However, struts in PG walls form based of the spacing of 
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grouted cells. The shear strength that the frame (grouted vertical cells and grouted bond 
beams) can be attained based only on plastic hinges forming in the vertical grouted cells. 
For the common detail configuration of PG walls using single reinforcing bar in the 
grouted cells, no plastic moment can be developed.  Proposed model was verified by 
calculating the shear strength of tested PG walls available in the literature and a good 
agreement was obtained. The R factors calculated for single reinforcing walls were very 
close to what is specified in ASCE/SEI 7-10. For quantification of the seismic performance 
factors of such a system, FEMA P695 methodology was used. Results of incremental 
dynamic analysis revealed that the response modification coefficient factor, R, adopted in 
ASCE/SEI 7-10 for one story PG buildings do not meet the performance and safety 
standard of FEMA P695 (ATC 2009). However, DD and DSJ reinforcement details showed 
acceptable performance. As a result, MSJC (2013) code needs to restrict PG masonry in 
SDC C and higher to either DD or DSJ detail. Alternatively, S reinforcing detail can be used 
if a lower R factor is used. 
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8 CONCLUSIONS AND RECOMMENDATIONS 
 
Based on the experimental and numerical studies presented herein, the following 
conclusions can be drawn: 
 
1. Using the proposed two reinforced and grouted cells/bond beams instead of one 
cell/bond beam resulted in a change of the failure mode from shear-dominated mode to 
a flexural-dominated mode. It also resulted in an increase wall shear capacity and 
displacement ductility by 34% and 47%, respectively. Additionally, walls with the 
proposed double reinforced cells/bond beams showed a 60% increase in elastic stiffness 
compared to the wall with single reinforcing cells.  
 
2. Adding Joint reinforcement every other course did not improve the strength and 
deformation capacity of PG reinforced (double cells reinforcing) shear walls at the 
ultimate-limit state. However, joint reinforcement resulted in controlling crack width at 
the serviceability limit-state. Distributed joint reinforcement across the wall height 
enabled the distribution of stresses in the hollow portion of the wall.  
 
3. Test results showed that aspect ratio has a significant impact on wall behavior. 
Reducing the aspect ratio of single reinforced grouted cells/bond beams wall from 1.0 to 
0.67 resulted in an increase the elastic stiffness and shear strength by 380% and 105%, 
respectively. However, as expected, displacement ductility of the wall decreased 
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significantly by 47%. The same behavior was observed in doubly reinforced grouted 
cells/bond beams wall. Elastic stiffness and shear capacity increased by 251% and 67%, 
however, displacement ductility decreased by 67%.  
 
4. Because of possible construction difficulties in constructing double reinforced 
and grouted bond beams, an alternative detail using single reinforced bond beam with 
joint reinforcement every course is proposed. Tests demonstrate that walls with this 
configuration had nearly the same elastic stiffness and shear capacity as walls with 
double bond beams. In addition, wall displacement ductility of increased significantly by 
189%. This configuration proved to be the most effective and, therefore, is highly 
recommended to replace the conventional single reinforcing detail. 
 
 5. Results showed that even implementing a 𝛾𝛾 factor in the current MSJC code 
equation for shear strength of PG walls has not solved the fundamental problem of the 
over-estimation of the shear strength. The current study investigated a new approach to 
predict the shear strength mechanism of PG walls through adopting an infilled wall model 
as opposed to the monolithic wall model used in developing the current code’s provisions 
that was based on test results of FG walls with a correction factor (<1) for PG walls. A 
new expression has been developed for PG walls based on infilled-frame mechanism. 
Experimental and analytical results demonstrated that the shear mechanism of PG walls 
can be predicted using the same concept for infilled-frame. However, struts in PG walls 
are formed based on the spacing of the vertical grouted cells. The shear strength that the 
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frame (grouted vertical cells and grouted bond beams), can be attained based only on 
plastic hinges forming in the vertical grouted cells. Available test results from this study 
and other studies available in the literature demonstrated the accuracy of the proposed 
strength expression.   
 
6. The response modification coefficient factor, R, factors calculated for single 
reinforcing walls were very close to what is specified in ASCE/SEI 7-10. For quantification 
of the seismic performance factors of such a system, FEMA P695 methodology was used. 
Results of incremental dynamic analysis revealed that the R factor adopted in ASCE/SEI 7-
10 for one story PG buildings do not meet the performance and safety standard of FEMA 
P695 (ATC 2009). However, the proposed double reinforced cells/bond beams (DD) and 
double reinforced vertical cells and single reinforcing bond beams with joint 
reinforcement every courses (DSJ) showed acceptable performance. As a result, MSJC 
(2013) code needs to restrict the use PG masonry in SDC C and higher to either DD or DJ 
detail. Alternatively, conventional single reinforcing cells and bond beams can be used if a 
lower R factor is used. 
 
The following recommendations are also made for future works: 
 
1. Current study investigated PG walls with reinforcement spacing of 6 ft (1.8 m). 
However, based on the current code’s detail the maximum space between horizontal and 
vertical grouting cells in ordinary reinforced masonry is 10 ft (3 m). Therefore, there is a 
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need to shed more light on the behavior of PG walls with the maximum allowable 
horizontal and vertical spacing.  
 
2. The effect of out-of-plane load in combination to lateral load needs to be done in 
order to establish the effect of bi-directional on the overall behavior of PG walls.  
 
3. To establish the difference between adopted R factor for PG buildings in the code 
with calculated one in this study, multistory building with different configuration in 
seismic design categories of A, B and C need to be evaluated under the FEMA 
methodology. 
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  ABBREVIATION 
ACI   American Concrete Institute; 
ACMR               Adjusted Collapse Margin Ratio; 
AS  Australian Standard; 
ATC   Applied Technology Council; 
CMR   Collapse Margin Ratio; 
CP   Collapse Prevention Index; 
CSA   Canadian Standards Association; 
D               Double Reinforcement; 
D-J               Double Reinforcement-Joint Reinforcement; 
FEMA               Federal Emergency Management Agency; 
IDA   Incremental Dynamic Analysis; 
IO   Immediate Occupancy Index; 
LS   Life Safety Index; 
MCE   Maximum Considered Earthquake; 
MSJC               Masonry Standards Joint Committee; 
NEHRP              National Earthquake Hazards Reduction Program; 
NZS   New Zealand Standard; 
SDC   Seismic Design Category; 
S   Single Reinforcement; 
SSF   Spectral Shape Factor; 
TCCMAR           Technical Coordinating Committee for Masonry Research; and   
UBC   Uniform Building Code. 
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      NOMENCLATURE 
ACMR10% and 20%=acceptance collapse margin ratios at 10 and 20% probability; 
Ainf=area of a single infill panel, in.2 (mm2); 
An=net cross-sectional area, in.2 (mm2); 
Ag=gross cross-sectional area, in.2 (mm2); 
Ah=area of single horizontal reinforcing steel bar, in.2 (mm2); 
An=net cross-sectional area, in.2 (mm2); 
Astrut=net cross-sectional area of equivalent strut, in.2 (mm2); 
Av=area of longitudinal reinforcement, in.2 (mm2); 
Avgc=area of vertical grouted cells including vertical steel, in.2 (mm2); 
Agc=area of grouted cells without area of steel, in.2 (mm2); 
a=depth of compression stress block, in. (mm); 
bw=wall width, in. (mm); 
Cap=coefficient to account the type of masonry used in construction; 
Cd=deflection amplification factor; 
C0=relates fundamental-mode (single degree of freedom) displacement to roof 
displacement; 
d=distance from extreme compression fiber to centroid of longitudinal tension 
reinforcement, or 0.8 L for walls, in. (mm); 
d’=distance between wall edge and outermost wall vertical reinforcing steel, in. (mm); 
deff=effective depth of section, in. (mm); 
ds=actual depth of a member in direction of shear considered, in. (mm); 
dy=drift index of yielding point of displacement ductility curve; 
du=ultimate drift index for displacement ductility curve; 
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Es=module of elasticity of steel, ksi (MPa); 
Eg=module of elasticity of concrete, ksi (MPa); 
f=diagonal force in equivalent strut, kips (kN); 
f’m= masonry compressive strength, ksi (MPa); 
fy=yield strength of reinforcing steel, ksi (MPa); 
fyh=yield strength of horizontal reinforcing steel, ksi (MPa); 
fyv=yield strength of vertical reinforcing steel, ksi (MPa); 
g=gravity, ft/s2 (m/s2); 
h=wall height, in. (mm); 
hu=masonry unit height, in. (mm); 
k=ductility reduction factor; 
kp=coefficient of the effect of flexural reinforcement; 
ku=reduction factor; 
L=wall length, in. (mm); 
Ldh=development length of shear reinforcement, in. (mm); 
Mp=plastic moment, kip.in. (N.mm); 
Mu/Vudu= aspect ratio; 
n=number of vertical grouted cells; 
N*= factored axial compression load, kips (kN); 
P=axial load, kips (kN); 
Pinf=axial load in the infill panel, kips (kN); 
R=response modification factor; 
SCT=the median collapse spectral, ft/s2(g); 
SMT= MCE level spectral acceleration at the natural period of structure, ft/s2 (g); 
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sh=spacing of horizontal shear reinforcement , in. (mm); 
T=fundamental period, (s); 
T1= fundamental period of the model computed using eigenvalue analysis, (s); 
te=effective wall thickness, in. (mm); 
Vmax=experimentally measured shear strength, kips (kN); 
V=design base shear, kips (kN); 
Vn-A=shear strength provided by the first term of MSJC (2013), kips (kN); 
Vn-B=shear strength provided by the second term of MSJC (2013), kips (kN); 
Vn-C=shear strength provided by the third term of MSJC (2013), kips (kN); 
Vexp=experimentally measured shear strength, kips (kN); 
Vf=shear strength provided by grouted frame, kips (kN); 
Vi=initial shear strength, kips (kN); 
Vinf=shear strength provided by infill, kips (kN); 
Vm=shear strength provided by masonry, kips (kN); 
Vn=nominal shear strength, kips (kN); 
Vp=shear strength provided by axial load, kips (kN); 
Vr=residual shear strength, kips (kN); 
Vs=shear strength provided by shear reinforcement, kips (kN); 
Vu=ultimate shear force, kips (kN); 
Vbm=basic shear stress provided by masonry, ksi (MPa); 
Vm=shear stress provided by masonry, ksi (MPa); 
w= unit width, in. (mm); 
ws=strut width, in. (mm); 
τDT= shear stress of diagonal tension specimen, ksi (MPa); 
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υn=total shear stress corresponding to Vn , ksi (MPa); 
υn(max)=maximum permitted total shear stress, ksi (MPa); 
υp=shear stress provided by axial compression stress, ksi (MPa); 
υs=shear stress provided by shear reinforcement, ksi (MPa); 
α=angle formed between centers of load application and reaction; 
γ=factor concerning the type of grouting; 
γg=factor for partially grouted walls; 
δ=factor concerning loading method; 
μ=coefficient of friction; 
μ=ductility level; 
µ∆=displacement ductility; 
ρh=ratio of shear reinforcing steel; 
ρv=ratio of vertical reinforcing steel; 
ρve=ratio of outermost wall vertical reinforcing steel;  
ρw= ∑Av/(bwd); 
σn=axial stress, ksi (MPa); 
W=weight kips, (kN); 
βTOT=the total system collapse uncertainty; 
δy, eff=effective yield roof drift displacement,  in. (mm); 
δu=ultimate roof drift displacement, in. (mm); 
Ω=overstrength factor; 
γg=factor for partially grouted walls; 
µT=period based ductility, and 
µd=displacement ductility. 
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E0=Un-damaged modulus of elasticity, ksi (MPa) 
σt=Tensile strength of masonry, ksi (MPa) 
σc=Compressive strength of masonry, ksi (MPa) 
σc0= Initial compressive strength of masonry, ksi (MPa) 
σt0= Initial tensile strength of masonry, ksi (MPa) 
σtu=Ultimate tensile strength of masonry, ksi (MPa) 
σcu=Ultimate compressive strength of masonry, ksi (MPa) 
ψ=Dilation angle, degrees 
fbo=Bidirectional compressive strength of masonry, ksi (MPa) 
fco=Unidirectional compressive strength of masonry, ksi (MPa) 
Em=Modulus of elasticity for masonry, ksi (MPa) 
ɛpl=Plastic strain 
ɛel=Elastic strain 
ɛc=Compressive strain 
ɛt=Tensile strain 
dc=Compressive damage factor 
dt=Tensile damage factor 
τc=Critical shear stress, ksi (MPa) 
µ=Friction coefficient factor 
f′d=Diagonal tensile strength, ksi (MPa) 
A=Area, in2 (mm2)  
f′v=Bed joint shear stress, ksi (MPa) 
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δn
° , δs°  and δt ° = Initial separation in normal, in-plane and out of plane shear, in. (mm) tn, ts and tt=Traction stress vector in normal and two shear direction, ksi (MPa) 
δn
f , δsf  and δtf  =Ultimate separation in normal, in-plane and out of plane shear, in. (mm)  
Knn, Kss and Ktt=Stiffness coefficients, kip/ft (N/m)           
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APPENDIX A  
9  FAILURE ANALYSIS AND DAMAGE DETECTION USING DIC 
 
A.1 Summary 
This appendix focuses on deformability and damage detection of concrete masonry 
assemblages and the PG wall tested at Drexel. It employed point-to-point, traditional 
strain gages, and full-field measurement technique using digital image correlation (DIC), 
to investigate the damage and deformability of PG reinforced masonry wall and 
assemblages. A set of ungrouted and grouted assemblages, and full-scale concrete 
masonry shear wall were constructed and tested under displacement control loading at 
first phase of experimental is discussed in more detail here. The DIC method was used to 
determine non-uniform strain contours on the test specimens. This method was verified 
by comparing strains along selected directions with traditional TML gage results. After 
successful comparison, the method was used to investigate the state of damage and 
deformability of the wall specimen under lateral loads. Panel deformation, crack pattern, 
displacement at the top, and the base strain of the wall were captured using full-field 
measurement and results were in a good agreement with traditional strain gages. It is 
concluded that full-filed measurements using DIC is promising especially when the test 
specimens experience inelastic deformation and high degree of damage. The ability to 
characterize and anticipate failure mechanisms of concrete masonry elements by 
depicting strain distribution, categorizing structural cracks and investigating their effects 
on the behavior of the wall was also shown using DIC. In addition to monitoring strains 
257 
 
 
across the gage length, the DIC method provided full-field strain behavior of the test 
specimens and revealed strain hot-spots at locations that corresponded to failure.  
 
A.2 Introduction 
Masonry bearing wall buildings remain one of the least studied structural systems 
particularly for PG reinforced masonry walls, a common building system in the eastern 
United States [(Nolph and ElGawady (2012); Voon and Ingham (2006); Schultz (1996); 
Ghanem (1992) and Maleki (2008)]. Quantification of deformability and deformation 
capacity of masonry structures needs more attention because of the necessity of 
displacement-based concepts for seismic evaluation and design purposes. Deformation 
capability of a structure before rupture is known as deformability. During earthquakes, 
ductility and deformability of a structure is an essential property demonstrating the 
inelastic performance of a system. Ductility is the structure ability to undergo inelastic 
deformation beyond the maximum load with minimum strength degradation and without 
significant loss in strength. Masonry is a brittle material capable to carry compression 
stresses and masonry tensile strength cannot be relied on as a principal source of 
resistance. Improved deformability of such a system can sustain the inelastic deformation 
demands of natural excitation meeting the code’s provisions. Therefore, there is a need 
to perform detailed studies on the deformation capacity of such structures. To this end, 
deformation measurements of concrete masonry assemblages and shear wall specimens 
are being performed here. In general masonry structures have a complex behavior that is 
difficult to quantify and characterize because of their heterogeneous and orthotropic 
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nature. This is mainly due to presence of horizontal and vertical bed joints. The 
aforementioned issue becomes even more critical when we are dealing with PG concrete 
masonry structures.  
 
To monitor the deformation of masonry walls, in addition to traditional 
deformation and strain measurement techniques such as strain gages and linear variable 
differential transformers (LVDTs), a number of non-destructive tests (NDT) using stereo-
imaging and laser interferometry have also been reported [Binda et al. (1998), and She et 
al. (1992)]. Additionally, to detect defects or to observe the crack growth, different types 
of non-destructive methods have been applied using ultrasounds, acoustic emission and 
X-ray computerized tomography [Carpinteri and Lacidogna (2006), and Popovics (2003)]. 
Low measuring accuracy, laborious post-processing and the issue of high sensitivity to 
vibrations caused by the testing machines are listed as some of the difficulties and 
challenges of the aforementioned methods. Digital Image Correlation (DIC) can be an 
ideal method because of its full-field nature, it can additionally cross validate traditional 
gage devices and other NDT techniques, Vanniamparambil et al. (2012). DIC is an optical 
method capable to measure the surface deformation of structural elements [Sutton et al. 
(1983), and (2009)]. The correlation between the captured images in the DIC is based on 
the comparison of an un-deformed with subsequently deformed recorded images. The 
method is based on tracking random speckle patterns assigned to the desired surface 
using the fundamental photogrammetry and digital image processing rules. The random 
speckle patterns need to be done by imposing appropriate patterning techniques such as 
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spray painting, stencil, speckle patterning, air brush, etc. [Pan et al. (2009), and Cofaru et 
al. (2010)]. One of the fundamental assumptions in DIC is that during deformation of the 
test specimen, the light intensity field defined from surface observations as a digital 
grayscale remains point-wise unchanged. DIC has been investigated theoretically and 
experimentally by several researchers. Chu et al. (1985) developed a measurement 
technique by combining deformation theory and digital image correlation method. Luo et 
al. (1993) assembled and used a stereo pair of charge-coupled device cameras to 
measure three-dimensional surface-displacement on a cantilever beam and a compact-
tension fracture specimen. Sutton et al. (1991) evaluated the feasibility of determining 
displacement gradients from measured surface-displacement fields and proposed an 
improved methodology for both the estimation and elimination of noise. Bruck et al. 
(1989) applied Newton-Raphson technique to determine displacements and 
displacement gradients. They also reported the accuracy of the displacements and 
displacement gradients for various subset sizes. Peters et al. (1982) developed a 
computer based stress analysis combining digital image correlation of speckle images 
with an experimental boundary integral method and demonstrated the method on a 
plate in uniform tension. Choi and Shah (1997) observed non-uniform displacement in 
the displacement contour maps taken at various loading stages on concrete surface using 
a full-field DIC measuring system. They also illustrated the crack propagation around 
aggregate interfaces in their study. The DIC results revealed strain concentrations around 
the crack tip prior to crack extension and cross-validated the results obtained with other 
non-destructive methods. Corr et al. (2007) used DIC to examine interfacial bonding 
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between carbon fiber reinforced polymers and concrete substrates. They analyzed the 
bond constitutive laws and studied the fracture behavior using these DIC results. Helm et 
al. (1996) developed an improved 3D image correlation system which they tested 
successfully to measure bending and local buckling behavior of clamped circular plates 
under pressure. They measured the surface profile and full-field displacement under the 
pressure and tension loading with micron level accuracy using their equipment. Digital 
image processing has been also used to measure dynamic displacement of a structure. 
Choi et al. (2011) introduced a dynamic displacement vision system (DDVS) to measure 
the dynamic displacement of the masonry structure and a two-story steel frame 
structure under seismic loading. They compared their DDVS displacement measurement 
with linear variable differential transformer (LVDT) results where the percentage of error 
was 0.471%. A similar application was performed by Lee and Shinozuka (2006) to get 
real-time displacement of a suspension bridge by means of digital image processing 
technique. Although several studies have been conducted based on the use of DIC in 
concrete structures, the application of the DIC method to monitor full-field deformation 
behavior of PG walls has not been well explored. PG walls are an integrated combination 
of lightly reinforced concrete frame and masonry infill walls. To this aim, this paper 
presents an experimental investigation targeting surface displacement contour 
measurements and progressive damage identification of PG reinforced concrete masonry 
wall specimen and its assemblages. DIC, as a robust full-field surface deformation 
measurement technique, was implemented herein to capture full-field information of 
masonry deformation behavior and failure processes. 
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A.3 Experimental program 
A.3.1  Assemblages 
Prisms- Ungrouted and grouted prisms using regular concrete masonry block by 
three courses high in stack bond were built and tested under axial compression. Prisms 
were compressed between a steel plate and the actuator clevis (Figure A. 1a). All 
specimens were capped with gypsum as can be seen in Figure A. 1a. TML gages were 
placed at the backside of the specimen by considering a nominal gage length of 407 mm. 
The speckle pattern needed for the DIC measurements was applied on the front side of 
the specimens. Figure A. 1a, b shows the TML, DIC setup and speckle pattern applied on a 
pristine ungrouted prism. 
 
Bed joint shear specimen- Three ungrouted and three grouted model bed joint 
shear assemblages with two units height were constructed flat-wise using two full blocks 
at the middle and one full model block at the top and bottom (see Figure A. 1c, d). A gap 
was introduced in between the two center vertical blocks to form a triplet configuration. 
Vertical load was applied at the top of the middle block to impose pure shear at the 
mortar joints and induce shear slip failure at the block mortar interfaces. The line gage 
considered and sketched in Figure A. 1d was 407 mm long for the grouted and ungrouted 
specimens. The gage length can be assumed between any set of points captured by the 
DIC images. The gage length considered matched the corresponding length of the TML 
gage mounted on the opposite face and visible in Figure A. 1c. 
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Diagonal tension wall - These specimens were used to determine diagonal tensile 
strength of the masonry specimens shown in Figure A. 1e, f. TML gages were placed 
along the vertical and horizontal loading directions. The load was applied uniformly in 
constant intervals using a vertical MTS actuator operated in force control. It should be 
noted that the DIC field of view (sketched in Figure A.1f) was restricted to a region of 
24x24 in. (609x609 mm) due to the length of the mounting bar of the DIC system. As a 
consequence, no direct comparison was possible between the estimated DIC strain (gage 
length ~24 in. (609 mm)) and the elongation measured by the TML gages covering the 
entire length of the wall diagonal (gage length is 4 ft (1.2 m)).  
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          (a) TML measurements (back)         (b) DIC measurements (front)      
                                            
c) TML measurements (back)  (d) DIC field of view considered and line gage (front) 
   
 
 
 
 
(e) TML measurements (back)                       (f) DIC field of view (front) 
Figure A.1 Assemblages test setup 
 
A.3.2 DIC setup for assemblages 
The DIC setup used consist of a GOM Aramis 3D 5 megapixel camera system 
containing two Baumer TGX15 cameras with peak acquisition frequency of 30 Hz for 3D 
measurements. Testing parameters such as field of view (FOV), object distance and 
DIC
Field of View Gage Line 
DIC unit
Prism test 
DIC Unit 
Bed joint shear test 
Diagonal tension test 
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camera angle were approximately 20x 16 in. (500x400 mm), 31 in. (780 mm) and 23°, 
respectively. These parameters were optimized using tables provided by the 
manufacturer and a dedicated calibration block. The distance between two lenses was 12 
in. (308 mm). A random speckle pattern was created on the surface by means of a rubber 
stamp pad. Few pre-test images of the sample were taken to determine the system’s 
sensitivity. The sampling rate was 1~2 frames per second depending on the overall 
duration of each test. The noise level for strain measurement was approximately 30 
micrometer/meter. A facet size of 25x25 pixels with a step size of 13 pixels was utilized to 
compute the results. Full-field strain patterns were recorded using the DIC system for 
assemblages. While up to 500 snapshots were collected during each test, only images 
showing the measured full-field strain contours near failure are presented here for the 
sake of brevity. 
 
A.3.3 Wall configuration and test setup 
Figure A.2 depicts instrumentation setup that was used to record the deformation 
of the wall. DIC images were recorded using an ARAMIS 3D 5-megapixel camera system. 
The cameras were mounted on a custom-made supporting bar and were positioned 6 m 
away from the tested walls. The two camera lenses were separated by a distance of 6.2 ft 
(1.9 m). The cameras were calibrated for a field of view of 13x13 ft (4x4 m) using a 
dedicated calibration cross. The noise level for strain measurements in this research was 
consistently estimated to be approximately 100 microstrain. An exposure of 200 
milliseconds was utilized according to the available ambient lighting conditions. A random 
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speckle pattern was applied on the front surface of the wall using spray paint and 
commercially available perforated sheets. For strain measurements a facet size of 35 
pixels and step of 17 pixels were used. Throughout the tests, images were recorded with 
a sampling rate of 1 frame/second. 
    
 
 
 
 
 
                         
Figure A.2 Test setup 
 
A.4 Results and discussion 
A.4.1 Assemblages 
Prisms- The failure mode of the ungrouted prisms was characterized by vertical 
tensile splitting cracks initiated at the middle web and spreading to the top and bottom 
units. For the grouted specimen, the failure mode was characterized by diagonal crack. 
Splitting failure and vertical cracking observed in the axially compressed ungrouted and 
grouted prism are shown in Figure A.3 and Figure A.4, respectively. The color map 
illustrates the horizontal “x” strain component. Furthermore, it should be pointed out 
that the DIC estimated strain was evaluated considering 2 points at the middle of the top 
and bottom units which is the virtual gage that “mirrors” the TML gage from the other 
side. Figure A.3 represents the comparison between the stress-strain curves where the 
Camera 
20 ft 
(6 m) 
5.6 ft  
(1.7 m) 
8 ft  
(2.4 m) 
12.5 ft  
(3.8 m) 
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strain was extracted using the moving averages of both the DIC and TML gages for 
ungrouted specimen. The full-field strain visualization of grouted specimen just prior to 
final fracture is also shown in Figure A.4. Large deformations were observed at incipient 
failure states along the vertical crack visible in the overlapped picture of both specimens. 
DIC strain readings were consistently larger compared with the TML strain 
measurements. These differences could be the consequence of a slight eccentricity in the 
axial vertical load. It should be noted that although the test was carefully executed, an 
untended eccentricity induced an uneven strain distribution in the front and back 
surfaces. A similar trend was observed in the axial compression test of the grouted prism. 
The strain visualizations corresponding to three stages, (1) elastic, (2) before damage 
and, (3) failure are shown in Figure A.4 (1, 2 and 3). Although DIC stress-strain plots were 
not exactly the same as TMLs for both specimens, the final crack patterns and curves 
were satisfactorily matched with broken specimens and TML outputs.  
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Figure A.3 Stress-strain curve comparison between DIC and TML gage; (1), (2) and 
(3) DIC strain contour at elastic stage, at incipient failure stage and, at failure stage 
 
                   
Figure A.4 Compression test results and failure contour of grouted prism  
 
Bed joint shear- The ungrouted and grouted specimens exhibited a large strain 
along the bed joints and, as expected, failure occurred by shear slip along the same 
critical planes. While the grouted specimen failed in a very similar manner, some cracks 
Ungrouted prism 
 
1 3 2 
Grouted prism 
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developed throughout the blocks. The ultimate shear stress of the hollow triplet 
specimen was lower than the grouted one where the grout is continuous through the 
hollow cells. The measured shear strengths of the ungrouted and grouted specimens 
were 36 and 84 ksi (0.22 and 0.58 MPa), respectively. The DIC field of view included an 
area of approximately 16x16 in. (06x406 mm). For the ungrouted specimen, strain plot 
depicted in Figure A.5a showed that the maximum strain measured at failure is less than 
150 microstrains. Mortar is the only source of strength against shear in the ungrouted 
specimen. Therefore, this specimen was too brittle and failed at very low strain. For this 
reason, the difference between DIC and TML was high at the beginning of the test and it 
became smaller as the test continued (it should be noted that the camera noise level is 
100 microstrain). However, the maximum strain of grouted specimen was 450 
microstrain (Figure A.5b) and DIC reading was almost the same as TML during the test. At 
incipient failure states, higher strain values were observed at the bed joints along the 
interface between mortar and block for both specimens. The comparison between the 
strains measured by DIC and TML appear satisfactory and DIC results are in good 
agreement with TML measurements. 
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     (a) Ungrouted 
               
 
 
 
 
                                                       (b) Grouted 
Figure A.5 Stress-strain curves of DIC and TML gage, DIC strain contours and 
specimen at incipient failure 
 
Diagonal tension- The results obtained for the ungrouted specimens by showing the 
strain contour at incipient failure and failure mode is depicted in Figure A.6a. It clearly 
shows the capability of the DIC to identify the regions with strain concentration and 
accumulation along the bed joints, thereby identifying locations where failure eventually 
took place. Failure, as expected, occurred along these weak bed and head joints. The 
maximum strain measured during the test by the TML gage (with a gage length of 4 ft 
(1.2 m)) was smaller compared with the strain estimated using the DIC. A DIC field of 
view of 16x16 in. (406x406 mm) was considered in the test and this small area restricted 
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the gage length to about 20 in. (508 mm). Consequently, an exact comparison between 
TML gage and DIC was not possible. The load versus displacement curves obtained for 
the diagonal compression test of the ungrouted specimen showed that the specimen 
displacement, at a maximum load of 31 kips (140 kN), was estimated to be about 0.016 
in. (0.4 mm) compared to 0.011 in. (0.3 mm) using TML. A sum comparison for the 
grouted specimen was not possible.  
 
(a) Load-displacement curve comparison between DIC and TML gage 
                             
                                  (b) DIC strain contour                               (c) Failure mode 
            Figure A.6 Diagonal compression test for ungrouted specimen 
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A.4.2  Wall 
Wall deformability- The ability of masonry walls to undergo deformation has been 
studied by many researchers [Ghanem et al. (1993); Ingham (2001); Voon (2007); Shing 
and Cao (1997)]. However, the mechanism of wall deformation has received a lot less 
attention in the literature. This is mainly because of the limited number of sensors that 
can be used in the test. Studying the posture of deformed walls during the test can 
enhance our understanding of the wall failure mechanism. Therefore, in addition to 
measuring the wall deformability, the shape of wall deformation is also important and 
been presented in this section. Deformation capability of a structure before rupture is 
known as deformability. Wall deformability is calculated based on the total deformation 
that the wall can endure before reaching 80 percent of its strength which is the rupture 
point of the wall here, due to reaching the collapse prevention limit (CP) (refere to FEMA 
356). Therefore, for calculating the wall deformability, load-displacement pushover curve 
of the wall is needed. Figure A.7 shows the lateral force-lateral displacement at the top of 
wall. Sliding displacement at the bottom of specimen was subtracted from the curve. The 
shear capacity of wall was 39 kips (175 kN) and the deformability of the wall measured 
0.9 in. (23 mm) at the end of the test. 
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Figure A.7 Wall load-drift envelope curve 
 
To shed light on the wall deformation, two imaginary points were designated at the 
top and middle height of the wall using DIC. Both X and Y displacement of the mentioned 
points were tracked during the test and the results are depicted in Figure A.8. X 
displacement of point B increased compared with point A in the elastic part that is 
associated with the third cycle. In contrast with the X displacements, Y displacements of 
these points were exactly the same in the elastic region and their difference became 
more apparent with increasing lateral displacement. In addition, the Y displacement of 
these points increased from their primary positions almost in the first five cycles and then 
dropped down at the last two cycles (Figure A.8b). Combined X and Y displacements of 
point A and B are shown in Figure A.8. The graphs show that during the pulling, points A 
and B moved primarily in the horizontal direction. However, there was a larger vertical 
displacement and an approximately linear relationship between the X and Y 
displacements of the observed points during the pushing cycles. Figure A.9a, b show only 
the pulling part in a closer view. Although 20 ksi (0.14 MPa) axial stresses were imposed 
at the top of the wall, points A and B start to move up at the first few cycles. This can be 
attributed to the interlocking effect of the hollow units due to friction. The maximum 
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swelling of the wall was measured as 0.002 in. (0.5 mm) which is mainly due to presence 
of hollow panels. After cycle 5, the displacement swelling dropped down to zero and 
finally it reached a negative number at the end of the test. The mortar bed joint crushing 
and wall toe crushing affected the displacement drop at the last cycles. Plotting the X and 
Y displacements of points A and B showed that cycle 5 plays an important role on the 
failure mechanism of the wall. The displacement swelling shift from a positive to a 
negative number is the onset of the change in the behavior of the wall failure.  
 
                     (a) X displacement                              (b) Y displacement 
Figure A.8 X and Y displacement of points A and B 
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                                                   (a) Point A 
        
                                                   (b) Point B 
Figure A.9 Displacement path of points A and B 
               
Up to this point the structure remains in its safe mode however, imposing a higher 
drift after that resulted in diagonal cracks, mortar and concrete crushing which are the 
signs of shear failure initiation. Additionally, this behavior was coincided with jumping in 
the energy dissipation of the wall and enlarging the size of cracks. This issue will be 
further discussed in the following section. 
    
A 
B B 
A 
A 
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Wall crack pattern- Figure A.10 shows the crack patterns of the wall at three 
different phases namely; elastic, plastic and damage. It is to be noted that two cycles of 
each drift were applied and, therefore, all crack patterns referenced herein are those 
related to the second cycles. Also, the maximum load of two cycles corresponding to 
each drift level was reported as the peak. The specimen displayed elastic behavior up to 
0.1% top drift corresponding to a load of approximately 28 kips (125 kN) (see Figure 
A.10). No cracks were observed at this drift level which is at the end of cycle 3 (Figure 
A.10a). The first cracks appeared in mortar joints at 0.2% drift level and resulted in a 
nonlinear behavior of the wall. The strength of the wall reached 35 kips (155 kN) at this 
level. Flexural horizontal cracks originated at the bottom courses at roughly 0.2% drift (or 
cycle 4). Diagonal zigzag de-bonding joint cracks developed in the hollow portion of the 
wall at cycle 5 (approximately 0.3% drift and a load of 137 kips (165 kN)). This type of 
crack is similar to what was observed for the ungrouted diagonal tension specimen 
(Figure A.10).  
 
Diagonal cracks propagate in a step pattern due to mortar de-bonding at the bed 
and head joints. Only few new cracks appeared at the wall toes (at 0.45% drift) and 
previous cracks width enlarged. The wall experiences its maximum shear strength in cycle 
6 which takes 39 kips (175 kN). At this stage which is attributed to the lateral drift of 
0.45%, vertical splitting cracks was observed. The size of the step cracks increased and 
developed through the full diagonal length passing the bond beam and grouted cells, 
leading to strength and stiffness degradation. 
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(a) Phase I, elastic  
 
 (b) Phase II, plastic  
 
(c) Phase III, damage 
                  Figure A.10 Wall deformation shape and related cracks 
 
Shear-dominated behavior was apparent. At a drift level of 0.6 % (cycle 7), new 
head and bed joints cracks were observed in the hollow panels and extended into the 
grouted cells. Splitting cracks and toe crushing were observed at this point and most of 
the cracks occurred at the bottom hollow panels (Figure A.10c). Additionally, huge 45 
degree cracks were observed on the toe of the wall at 0.6% drift level which 
corresponded to the last loading cycle for the wall. It should be mentioned that whatever 
Cycle 3 Cycles 0-2 
Cycle 5 Cycle 4 Cycle 4 Cycle 5 
Cycle 6 
Cycle 7 Cycle 6 Cycle 7 
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described as a crack in this section is based on visual inspection. The goal is to 
comprehend how these cracks are impacting the damage behavior of the wall. Results 
from DIC could provide quantitative measurements and additional understanding of the 
wall behavior and are presented here. The resolution of DIC employed in this study 
allows to clearly pick up any structural crack (where strain is more than 0.003) on the wall 
surface. Strains of less than 0.3% are not easily observed given the DIC specific test 
configuration. This can be observed in Figure A.11 and in the strain colorbar (since 
uniform color is associated to strains < 0.3%). However, visualization of the full-field 
strain contour of the structure allowed by DIC, could help distinguish structural cracks 
from the non-structural ones by comparing the DIC results with visually observed flaws. 
DIC results refer to the front wall and are mirrored with respect to the pattern visually 
observed from the back of the wall. No cracks were captured by DIC by the end of cycle 3 
which is consistent with visual inspection. At the end of cycle 4, DIC imaging shows only 
one major structural crack at the bottom of the wall. This differs from the crack pattern 
shown in Figure A.10b. It should be noted that the DIC crack pattern shown refers to the 
peak load of the loading cycle, therefore cracks appear primarily on the wall left region. 
Similarly to cycle 4, in cycles 5 and 6, visual inspection appear to highlight a larger 
number of cracks with respect to DIC. However, the DIC crack pattern recorded at the 
peak load of cycle 7 is similar to the visually observed one. The comparison between the 
final crack distribution and the DIC detected crack pattern is given in Figure A.10a. Cycles 
4 to 6 crack patterns differences can be justified by the presence of several non-
structural (micro) cracks observed by eye. 
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                   Cycle 0-3                              Cycle 4                                Cycle 5 
 
                                           Cycle 6                                    Cycle 7 
Figure A.11 Crack propagation and strain contour (pushing)  
 
These cracks are showing the potential path for the structural cracks in presence of 
large displacement. To gain further insight into the effect of non-structural and structural 
cracks on the progression of damage, the energy dissipation of the wall is correlated with 
the strain maps extracted by the DIC. For this purpose lateral load-drift and energy 
dissipation-drift curves are plotted in Figure A.12b and c. It can be observed that small 
amount of energy, 147.5 kip.ft (200 kN.mm (Joule)) is dissipating until cycle 3. However, 
energy dissipation jumps to 627 kip.ft (850 J) at the end of cycle 4 which is 4 times of 
cycle 3. This trend continues until the end of the test and the formation of structural 
cracks corresponds to higher energy dissipation. Although energy dissipation value at 
 
 
  
  
  
 
 
 
         
    
 
 
  
  
 
   
  
 
 
 
  
  
  
 
 
 
         
    
 
 
  
  
  
 
 
 
         
    
 
 
  
  
 
   
  
 
 
 
  
  
  
 
 
 
         
    
279 
 
 
cycle 4 is relatively high compare to cycle 3, there is no sign of diagonal cracking and the 
wall dissipating energy only by propagating flexural cracks in the horizontal joints. 
However, this becomes an important issue in cycle 5, which energy dissipation suddenly 
reaches to a number more than 737 kip.ft (1 kJ) and after these drift diagonal cracks 
appear on the panels which is the begining of wall shear failure. Additionally, graph is 
showing that energy dissipation of micro cracks is negligible compared with structural 
cracks. Therefore, some of the visually obtained crack patterns can be misleading and DIC 
seems to capture the relevant structural cracks in the wall.  
               
 
(a) Final crack pattern 
 
           (b) Lateral force-drift                      (c) Energy dissipation curves 
                       Figure A.12 Crack pattern, hysteresis and energy dissipation of wall 
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Base strain- In this section, the amount and distribution of strain at the base of the 
wall is investigated. Measuring the distribution of strain at the base of PG walls led to an 
accurate analytical model to calculate the flexural strength of walls. Since this estimate is 
highly affected by the number of measurement points, comparing a traditional point-to-
point set of measurements to estimate DIC strain distribution can be helpful. For this 
purpose all strains were shown in two cases of push and pull. Results showed that the 
strain distribution at the base is linear up to cycle 3 (phase I). Therefore, in the elastic 
analysis, the concept of linear strain distribution at the base of PG walls can be used in 
order to calculate the flexural strength of the wall. Figure A.13a represents the strain 
distribution at the bottom of the wall for all drift index levels using point-to-point 
measurements. The graphs indicate that the axial strain distribution along the base of the 
wall is nonlinear in the phase II and III (plastic and damage). Nonlinearity is readily 
observable at the end of the wall especially in the case of pushing. This is mainly because 
of severe damage that occurred at the left side of the wall due to toe crushing. Therefore 
when this region undergoes tension, the TML cannot properly record the deformation. 
The reader is cautioned that due to the discrete cracking observed, the strains shown in 
Figure A.13a may be also somewhat affected by the 4 inches sensor gage length. To 
better visualize the strain distribution at the base of the wall, DIC results collected at TML 
locations were also plotted for both ends of the wall in the Figure A.13b. Plot shows 
symmetric strain up to cycle 3 at both ends. This can be seen through the symmetry of 
the curves along the zero axis for both ends. Point A (right side) showed a constant 
compressive strain (-0.5%) after cycle 3 during pushing of the wall and this led to a higher 
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tensile strain at the opposite side (point B). However, this is not true for the point B (left 
side) during pulling of the wall since the compressive strain of point B increases as well as 
the tensile strain in the point A. Minaei et al. (2010) measured the strain distribution at 
the drift level of 0.45% for a PG masonry shear wall.  
 
 
(a) Base strain of TMLs 
 
                          
(b) Strains at two end locations of the wall base estimated using DIC 
Figure A.13 Strain at the base of wall 
 
They reported that the strain distribution along the base of PG walls is nonlinear. 
Results of DIC and TMLs at 0.45% and at higher drift (or cycle 6) in the present study, 
confirmed the nonlinear strain distribution at the base of the wall. 
Cycle 
7 
Cycle 
5 
Cycle 
4 
Cycle 
6 
Cycles 
1&2 
Cycle 
3 
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Panel deformation- Two cross strain gages (TMLs) were installed at each hollow 
panel and the diagonal deformation of each panel was measured during the test. Similar 
measurements were attempted using DIC. As it can be seen from Figure A.14a and b, the 
DIC results are in good agreement with the TMLs especially at the bottom panels until 
last cycles. Due to the severe damage at the bottom panels, spalling and toe crushing, the 
DIC results are more accurate than the TMLs. At the beginning of test, compression 
diagonal displacement was very small in the bottom panels. However, the compression 
displacement kept increasing reaching a value comparable to the one in tension at the 
last cycle. 
 
Diagonal tension and compression strains at the 4 hollow panels of the wall were 
measured by imposing different drift at the top of the wall during the test. As shown in 
Figure A.14, tension and compression strains at the bottom panels, are considerably 
larger than for the top panels. Additionally, comparing the results of hollow panels with 
DIC crack patterns (see Figure A.14) indicates that small deformation recorded at the top 
hollow panels did not cause any major damage in the wall (strains are relatively less than 
0.3%). 
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             (a) Panel deformation using TML  
 
 
          (b) Panel deformation using DIC 
            Figure A.14 Panel deformation 
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 However, as lateral drift increases the role of structural cracks becomes more 
important on the wall failure especially at the bottom of the wall by displaying higher 
panel deformation. This can be verified by comparing the panel diagonal strain with DIC 
outputs. As shown in Figure A.15b, diagonal tension strains are under 0.3% for all 
diagonal TMLs up to cycle 5 (0.3 drift) which means there are no structural diadonal 
cracks throughout the wall. While TMLs 14, 16 and 17 recorded diagonal strain more 
than 0.3% at cycle 6 (0.45% drift). This shows the presence of diagonal structural cracks 
in the mortar joints. DIC results (Figure A.15) were also revealed that the first diagonal 
crack appears at cycle 6 at the location of TML 15. Therefore, all other visible cracks 
recorded during the test have no effect on the failure of the wall and using DIC led to 
analysis the effects of structural cracks on the failure of the wall in a more accurate and 
efficient way. Although concrete crushing were observed at the toes of the wall in the 
last cycle, plotting the diagonal compression strains of TMLs along with DIC results 
showed that there are no sign of crushing in the diagonal TMLs path (all strain are less 
than 0.3% except for TML 15).  
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                  (a) TMLs positions                                   (b) Diagonal tension vs. drift 
 
 
 
 
 
 
 
                                                (c) Diagonal compression strain vs. drift 
Figure A.15 Wall panel TMLs positions and diagonal strains 
 
A.5 Conclusions 
Based on testing of concrete masonry assemblages and walls under reversed cyclic 
quasi-static horizontal displacement and leveraging traditional sensing and digital image 
correlation (DIC), the following conclusions can be drawn from the results of this study: 
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The DIC method was successfully implemented to determine the non-uniform strain 
contours of concrete masonry assemblages estimating their surface deformation. In 
addition to monitoring the strain across the gage length of traditional wired gages, the 
DIC method mapped full-field deformation and damage by highlighting strain hot-spots at 
locations of incipient and progressive failure. 
  
Visually mapped final crack patterns were in good agreement with DIC patterns and 
DIC estimated strain of the hollow panels showed good correlation with TML measured 
strain. Results showed that the strain distribution at the base is linear in the elastic stage. 
Therefore, in the elastic analysis, the concept of linear strain distribution at the base of 
PG walls can be used in order to calculate the flexural strength of the wall. 
 
Characterization and anticipation of failure mechanisms of concrete masonry 
systems can be obtained using DIC by depicting strain distribution, categorizing structural 
cracks, tracking different points on the wall, and investigating their effects on the failure 
behavior of the wall. Additionally, results of energy dissipation and diagonal strain 
showed that the effect of micro cracks (appearing in the elastic and plastic zones) are 
negligible compared with structural cracks. Therefore, some of the visually obtained 
crack patterns can be misleading even when they are large and DIC seems to capture the 
relevant structural cracks in the wall.  
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APPENDIX B  
10 EXTRA DATA ON EXPERIMENTAL RESULTS OF TEST WALLS 
 
In this part some real pictures of cracked wall at different stages for showing the 
location and size of cracks, data recorded at all TMLs mounted at different location of walls 
for giving a better picture of the wall deformability are presented.  
 
B.1 Wall SS-1.0-20 
Figures below show the cracks at the end of the test. Deformation of hollow panels, 
sliding at the base of the wall, and uplift, lowering of the wall at mid height are plotted as 
well.  
 
Figure B.1 Crack pattern at the left side of the wall 
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Figure B.2 Crack pattern at the right side of the wall 
 
 
Figure B.3 Crack pattern in front of the wall 
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Figure B.4 Crack pattern in front of the wall 
 
   
Figure B.5 Diagonal crack and toe crushing 
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Figure B.6 Crack pattern at the middle of the wall and size of diagonal cracks 
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Figure B.7 Crack map vs. real crack pictures 
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B.1.1 Diagonal strain in each hollow panel. 
 
                               Figure B.8 Load-strain curve (TML10-diagonal) 
  
 
                                Figure B.9 Load-strain curve (TML11-diagonal) 
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                                    Figure B.10 Load-strain curve (TML12-diagonal) 
 
 
                                Figure B.11 Load-strain curve (TML13-diagonal) 
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                        Figure B.12 Load-strain curve (TML14-diagonal) 
 
 
                         Figure B.13 Load-strain curve (TML15-diagonal) 
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                              Figure B.14 Load-strain curve (TML16-diagonal) 
 
 
                           Figure B.15 Load-strain curve (TML17-diagonal) 
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B.1.2 Wall sliding  
During the test TML 18, 19, 20 were used to record any sliding between the wall to 
beam, beam to block and channel to the wall respectively. TML 19 and 20 did not record 
any sliding between beam and block, channel and the wall. But TML 18 showed sliding 
between the wall and beam that is plotted in Figure B.16.  
                    
Figure B.16 Wall sliding at base 
 
B.1.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B.17 uplift is more than 
downward deformation and maximum 6 mm uplift was measured at the end of the test.  
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                            Figure B.17 Displacement at the mid height of the wall 
 
 
B.2 Wall DD-1.0-20 
Figures below show the cracks at the end of the test. Deformation of hollow panels, 
sliding at the base of the wall, and uplift, lowering of the wall at mid height are plotted as 
well.  
  
Figure B.18 Crack pattern at the left and right sides of the wall 
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                        Figure 10.19 Crack pattern in front of the wall 
 
 
304 
 
 
               
Figure B.20 Diagonal crack  
 
   
        Figure B.21 Crack pattern at the middle of the wall and size of diagonal cracks 
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                          Figure B.22 Crack map vs. real crack pictures 
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B.2.1 Diagonal strain in each hollow panel 
 
                            Figure B.23 Load-strain curve (TML10-diagonal) 
 
 
                                Figure B.24 Load-strain curve (TML11-diagonal) 
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                           Figure B.25 Load-strain curve (TML12-diagonal) 
 
 
                             Figure B.26 Load-strain curve (TML13-diagonal) 
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                            Figure B.27 Load-strain curve (TML14-diagonal) 
 
 
                              Figure B.28 Load-strain curve (TML15-diagonal) 
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                             Figure B.29 Load-strain curve (TML16-diagonal) 
 
 
                           Figure B.30 Load-strain curve (TML17-diagonal) 
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B.2.2 Wall sliding  
During the test TML 18, 19, 20 were used to record any sliding between the wall and 
beam, beam to block and channel to the wall, respectively. TML 19 and 20 did not record 
any sliding between beam and block, channel and the wall. However, TML 18 showed sliding 
between the wall and beam. Below figure shows the wall sliding.  
                
Figure B.31 Wall sliding at base 
 
B.2.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B.32 uplift is more than 
downward deformation and maximum 6 mm uplift was measured at the end of the test.  
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                      Figure B.32 Displacement at the mid height of the wall 
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B.3 Wall DDJ-1.0-20 
Figures below show the cracks at the end of the test. Deformation of hollow panels, 
sliding at the base of the wall, and uplift, lowering of the wall at mid height are plotted as 
well.  
 
                     
                              Figure B.33 Crack pattern at the left side of the wall 
                                           
                              Figure B.34 Crack pattern at the right side of the wall 
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Figure B.35 Crack pattern, in front of wall 
                    
Figure B.36 Crack pattern, in front of the wall 
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Figure B.37 Diagonal crack  
 
  
                                Figure B.38 Crack pattern at the middle of the wall  
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                            Figure B.39 Crack map vs. real crack pictures 
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B.3.1 Diagonal strain in each hollow panel.  
 
Figure B.40 Load-strain curve (TML10-diagonal) 
 
Figure B.41 Load-strain curve (TML11-diagonal) 
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Figure B.42 Load-strain curve (TML12-diagonal) 
 
Figure B.43 Load-strain curve (TML13-diagonal) 
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Figure B.44 Load-strain curve (TML14-diagonal) 
 
Figure B.45 Load-strain curve (TML15-diagonal) 
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Figure B.46 Load-strain curve (TML16-diagonal) 
 
Figure B.47 Load-strain curve (TML17-diagonal) 
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B.3.2 Wall sliding  
During the test TML 18, 19, 20 were used to record any sliding between the wall and 
beam, beam to block and channel to the wall respectively. TML 19 and 20 did not record 
any sliding between beam and block, channel and the wall. But TML 18 showed sliding 
between the wall and beam Figure B.48 shows the wall sliding, maximum 2 mm sliding was 
recorded.  
 
 
                                        Figure B.48 Wall sliding at base 
 
B.3.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B.49 uplift is more than 
downward deformation and maximum 4 mm uplift was measured at the end of the test. 
However, downward deformation is close to 0.5 mm. 
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                          Figure B.49 Strain distribution at the base of the wall 
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B.4 Wall DD-1.0-20-100 
Figures below show the cracks at the end of the test. Deformation of hollow panels, 
sliding at the base of the wall, and uplift, lowering of the wall at mid height are plotted as 
well.  
 
Figure B.50 Crack pattern at the left side of the wall 
 
Figure B.51 Crack pattern at the right side of the wall 
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Figure B.52 Crack pattern, in front of the wall 
 
                        
Figure B.53 Crack pattern, in front of the wall 
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                                  Figure B.54 Diagonal crack and toe crushing 
 
 
              
           Figure B.55 Crack pattern at the middle of the wall and size of diagonal cracks 
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                              Figure B.56 Crack map vs. real crack pictures
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B.4.1 Diagonal strain in each hollow panel. 
 
Figure B.57 Load-strain curve (TML10-diagonal) 
 
Figure B.58 Load-strain curve (TML11-diagonal) 
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Figure B.59 Load-strain curve (TML12-diagonal) 
 
Figure B.60 Load-strain curve (TML13-diagonal) 
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Figure B.61 Load-strain curve (TML14-diagonal) 
 
Figure B.62 Load-strain curve (TML15-diagonal) 
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Figure B.63 Load-strain curve (TML16-diagonal) 
 
Figure B.64 Load-strain curve (TML17-diagonal) 
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B.4.2 Wall sliding  
During the test TML 18, 19, 20 were used to record any sliding between the wall and 
beam, beam to block and channel to wall respectively. TML 19 and 20 did not record any 
sliding between beam and block, channel and the wall. But TML 18 showed sliding between 
the wall and beam Figure B.65 shows wall’s sliding, maximum 5.5 mm displacement was 
recorded.  
 
                                       Figure B.65 Wall sliding at base 
 
B.4.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B.66 uplift is way more than 
downward deformation and maximum 4.5 mm uplift was measured at the end of the test. 
This was less than 0.5 mm at the downward deflection. 
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                                Figure B.66 Strain distribution at the base of the wall 
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B.5 Wall SS-0.67-20 
The figures below show the cracks at the end of the test. Deformation of hollow 
panels, sliding at the base of the wall, and uplift, lowering of the wall at mid height are 
plotted as well.  
 
 
Figure B.67 Crack pattern at the left side of the wall 
 
Figure B.68 Crack pattern at the right side of the wall 
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Figure B.69 Crack pattern, in front of the wall 
 
Figure B.70 Crack pattern, in front of the wall 
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Figure B.71 Diagonal crack and toe crushing 
                                          
                                Figure B.72 Crack pattern at the middle of the wall 
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                                Figure B.73 Crack map vs. real crack pictures 
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B.5.1 Diagonal strain in each hollow panel.  
 
Figure B.74 Load-strain curve (TML8-diagonal) 
 
Figure B.75 Load-strain curve (TML9-diagonal) 
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Figure B.76 Load-strain curve (TML10-diagonal) 
 
Figure B.77 Load-strain curve (TML12-diagonal) 
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Figure B.78 Load-strain curve (TML13-diagonal) 
 
 
Figure B.79 Load-strain curve (TML14-diagonal) 
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Figure B.80 Load-strain curve (TML15-diagonal) 
 
Figure B.81 Load-strain curve (TML16-diagonal) 
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Figure B.82 Load-strain curve (TML18-diagonal) 
 
 
Figure B.83 Load-strain curve (TML19-diagonal) 
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B.5.2 Wall sliding  
During the test TML 4 and 20 were used to record any sliding between the wall to 
beam and channel to the wall, respectively. TML 20 did not record any sliding between 
channel and the wall. But TML 4 showed sliding between the wall and beam. Figure B.84 
shows the wall sliding.  
 
                                            Figure B.84 Wall sliding at base 
 
B.5.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B.85 uplift is more than 
downward deformation, maximum 2.5 mm uplift was measured at the end of the test.  
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                  Figure B.85 Displacement at the mid height of the wall 
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B.6 Wall DD-0.67-20 
Figures below show the cracks at the end of the test. Deformation of hollow panels, 
sliding at the base of the wall, and uplift, lowering of the wall at mid height are plotted as 
well.  
                        
                              Figure B.86 Crack pattern at the left side of the wall 
 
                           
                          Figure B.87 Crack pattern at the right side of the wall 
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                            Figure B.88 Crack pattern, in front of the wall 
 
 
                                  Figure B.89 Diagonal crack and toe crushing 
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       Figure B.90 Crack pattern at the middle of the wall and size of diagonal cracks 
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                            Figure B.91 Crack map vs. real crack pictures 
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B.6.1 Diagonal strain in each hollow panel.  
 
Figure B.92 Load-strain curve (TML8-diagonal) 
 
Figure B.93 Load-strain curve (TML9-diagonal) 
 
348 
 
 
 
Figure B.94 Load-strain curve (TML10-diagonal) 
 
Figure B.95 Load-strain curve (TML11-diagonal) 
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Figure B.96 Load-strain curve (TML12-diagonal) 
 
Figure B.97 Load-strain curve (TML13-diagonal) 
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Figure B.98 Load-strain curve (TML14-diagonal) 
 
Figure B.99 Load-strain curve (TML15-diagonal) 
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                                 Figure B.100 Load-strain curve (TML16-diagonal) 
 
 
                                Figure B.101 Load-strain curve (TML17-diagonal) 
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                             Figure B.102 Load-strain curve (TML18-diagonal) 
     
Figure B.103 Load-strain curve (TML19-diagonal) 
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B.6.2 Wall sliding  
During the test TML 4 and 20 were used to record any sliding between the wall to 
beam and channel to the wall, respectively. TML 20 did not record any sliding between 
channel and the wall but TML 4 showed 0.5 mm sliding between the wall and beam (Figure 
B.104) 
       
                                           Figure B.104 Wall sliding at base 
 
B.6.3 Deformation at the mid height of the wall  
As test run deformation of the mid height points at the both sides of the wall were 
recorded and it plotted with load. As can be seen in Figure B. 105 uplift is more than 
downward deformation and maximum 12 mm uplift was measured at the end of the test.  
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                           Figure B.105 Displacement at the mid height of the wall 
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B.7 Wall DSJ-0.67-20 
The figures below show the cracks at the end of the test. Deformation of hollow 
panels, sliding at the base of wall, and uplift, lowering of wall at mid height are plotted as 
well.  
                            
                             Figure B.106 Crack pattern at the left side of the wall 
 
                                
                            Figure B.107 Crack pattern at the right side of the wall
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Figure B.108 Crack pattern, front of the wall 
 
Figure B.109 Diagonal crack and toe crushing 
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      Figure B.110 Crack pattern at the middle of the wall and size of diagonal cracks 
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                              Figure B.111 Crack map vs. real crack pictures 
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B.7.1 Diagonal strain in each hollow panel.  
 
Figure B.112 Load-strain curve (TML8-diagonal) 
 
Figure B.113 Load-strain curve (TML9-diagonal) 
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Figure B.114 Load-strain curve (TML10-diagonal) 
 
Figure B.115 Load-strain curve (TML11-diagonal) 
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Figure B.116 Load-strain curve (TML12-diagonal) 
 
Figure B.117 Load-strain curve (TML13-diagonal) 
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Figure B.118 Load-strain curve (TML14-diagonal) 
 
Figure B.119 Load-strain curve (TML15-diagonal) 
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Figure B.120 Load-strain curve (TML16-diagonal) 
 
Figure B.121 Load-strain curve (TML17-diagonal) 
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Figure B.122 Load-strain curve (TML18-diagonal) 
 
 
Figure B.123 Load-strain curve (TML19-diagonal) 
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B.7.2 Wall sliding  
During the test TML 4 and 20 were used to record any sliding between the wall and 
beam, and channel beam to the wall, respectively. TML 20 did not record any sliding 
between the channel and the wall. However, TML 4 showed 0.7 mm sliding between the 
wall and foundation beam (Figure B124).  
              
Figure B.124 Wall sliding at base 
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